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Motor units are the building blocks of all voluntary muscles. The controlled 
activation of motor units (MUs) is the basis 
of voluntary movement and any other interac­
tion with the environment. The corticospinal 
tract is directly concerned with the control of 
voluntary movement and unique to primates 
(Lemon and Griffiths, 2005; Porter and 
Lemon, 1993).
Amyotrophic lateral sclerosis (ALS) is the 
neurodegenerative disease of the cortical and 
spinal motor neurons (Eisen, 2009). One of 
the most characteristic features of ALS is fasci­
culation, the involuntary isolated discharge of 
MUs.
Here, at first, the measurement of M U  and 
their discharge patterns will be discussed. Then 
these methods are used to study the pathophy­
siology of fasciculations. Finally, we investigate 
the process that helps to establish the diagnosis 
in patients supposed to have ALS.
The motor unit action potential
The M U  is formed by the alpha-motoneuron 
(syn. lower motor neuron, LMN) and the 
muscle fibres innervated by its axon. The 
motor axons reach the muscle fibres at the 
endplate region, usually in the middle third of 
the muscle. Each discharge of the LM N acti­
vates all branches of the axon and the corres­
ponding endplates. From there the muscle 
fibre action potentials travel with a speed of 
2-5 m/s to both ends of the muscle fibres. The 
sequence of trans-membrane currents causes 
an extracellular potential. As all muscle fibres 
belonging to a M U  are simultaneously active, 
only the summation of muscle fibre poten­
tials, the M U  action potential (MUAP) can be 
studied. The combination of MUAPs, the elec­
tromyographic (EMG) signal, can be recorded 
with a wide variety of electrode arrangements. 
Needle electrodes provide information on the 
muscle fibre level, whereas surface electrodes
are mainly used to reflect the whole muscle. 
The relation between M U  anatomy and the 
waveshape of the needle-recorded MUAP has 
been thoroughly studied. The most relevant 
variable is the duration of the needle-recorded 
MUAP, which reflects the number of muscle 
fibres within a circle of 2.5 mm. When LMNs 
or axons are lost, other axons take over some 
of the orphaned muscle fibres, increasing the 
number of fibres that contribute to MUAP 
duration. Thus, in clinical practice, MUAP 
duration is a robust marker of reinnervation. 
When muscle activity is recorded non-inva- 
sively from the surface of the skin, the major 
determinants of the MUAP are spatial factors 
such as the endplate region and the muscle fibre 
direction (Roeleveld et al., 1997a; Roeleveld 
et al., 1997b). To appreciate all the spatio­
temporal characteristics of the MUAP, high- 
density surface EMG (HD-sEMG) with a 
large number of electrodes on the same muscle 
is required (Blok et al., 2002; Lapatki et al.,
2004). In HD-sEMG the MUAP duration is 
defined by muscle fibre conduction velocity 
and fibre length and is unrelated to M U  size. 
An increase in M U  size due to reinnervation 
can be estimated instead using the maximum 
area or amplitude of the MUAP (Roeleveld et 
al., 1998).
Decomposition o f EMG
To achieve a certain level of muscle force, the 
central nervous system adjusts the number of 
active MUs and their individual firing rate 
(Kernell, 2006). In general, MUs are recruited 
with initial discharge rates of about 5-8 Hz 
and fire faster with increasing force. Although 
discharge is more variable close to the recruit­
ment threshold (Matthews, 1996), MUAPs do 
not normally show isolated firings.
The MUAP waveshapes, measured by either 
surface or needle EMG, are nearly identical 
from one discharge to the next, but are diffe­
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rent between MUs. This fact, together with 
knowledge about the regularity of the discharge 
pattern, allows the decomposition of the EMG 
signals obtained during steady contraction 
(McGill et al., 2005; Stashuk, 2001). From the 
exact firing patterns the intrinsic properties of 
the motor neuron (Matthews, 1996; Powers et 
al., 2002) and the central control of MUs can 
be studied (Farmer et al., 1997).
Motor neuron disease
Amyotrophic lateral sclerosis (ALS) is the 
neurodegenerative disease of the corticospinal 
motor system (Mitchell and Borasio, 2007). 
ALS is in the centre of the spectrum of motor 
neuron diseases consisting of primary lateral 
sclerosis at the upper and progressive muscular 
atrophy at the lower end (Brugman et al., 
2009; Visser et al., 2008).
The progressive loss of the LMNs results in a 
loss of the whole MU, leading to weakness and 
atrophy of the muscles. A  loss of the UMNs 
in the cortex results in weakness and spasticity. 
The latter means brisk or abnormal reflexes, 
increase in muscle tone and slowness of move­
ment (Brooks, 1994).
Depending on the bulbar or spinal localisation 
of onset, speech, hand movement or walking 
are preferentially affected. The disease usually 
starts asymmetrically and spreads gradually 
to the adjacent regions of the body. Death is 
caused in most cases by respiratory problems 
due to swallowing difficulties or weakness of 
the respiratory muscles. The external muscles 
of the eye are only involved in the latest stages 
of ALS.
In the Netherlands each year about 650 
patients are evaluated for a potential diagnosis 
of ALS and in about 350 patients the diagnosis 
is confirmed. (ALS Centrum Nederland, 2010) 
The median survival is less than 3 years, resul­
ting in a prevalence of about 1300 patients. 
The progression of ALS can be slowed down
by riluzole, increasing median survival by 3-6 
month (Bensimon et al., 1994). Symptomatic 
treatment in a multidisciplinary setting has 
become the standard of care (Miller et al., 
2009a; Miller et al., 2009b) and has improved 
survival without, however, improving muscle 
function (Qureshi et al., 2009).
The cause of ALS is still unknown. Most cases 
are sporadic, a small percentage of ALS is fami­
lial, with some of the latter being caused by 
mutations in the superoxide dismutase (SOD) 
gene (Rosen et al., 1993). Although SOD 
mutations only explain a very small percen­
tage of ALS, the transgenic SOD  mice opened 
new possibilities for physiological and phar­
macological studies. Recently, mutations in 
the TARDBP and FUS gene that cause ALS 
with or without frontotemporal dementia have 
been found in the Netherlands (Groen et al., 
2010; Raaphorst et al., 2010).
Fasciculation potentials in ALS
Fasciculation is a clinical hallmark of ALS and 
can be defined as random, spontaneous twit­
ching of a group of muscle fibres belonging to 
a single M U  (AAEM, 2001). Fasciculations 
can be observed on inspection or palpation 
of the muscle, but dynamic ultrasound is the 
most sensitive method (Pillen et al., 2008; 
Scheel et al., 1997; Wenzel et al., 1998).
W ith needle or surface electrodes fascicula­
tion potentials (FPs) can be recorded from the 
resting or active muscle. A FP is defined as the 
electrical activity associated with a fasciculation 
and that has the configuration of a MUAP but 
occurs spontaneously (AAEM, 2001). Apart 
from FPs also other phenomena related to 
peripheral nerve hyperexcitability may occur 
in ALS: Doublets are FPs that repeat within a 
few milliseconds. When the same MUAP fires 
even more often, triplets, multiplets or neuro- 
myotonic discharges occur. Neuromyotonic 
discharges are well-described in their relation
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with auto-antibodies against potassium chan­
nels (Maddison et al., 2006), but sometimes 
they can be found in ALS (Kelkar and Kimura,
2005).
The origin of fasciculations in terms of 
anatomic localisation has been studied for 
almost a century. Studies with nerve dissection, 
nerve blocks, collision techniques, F-wave 
recording and single fibre EMG point to a 
distal generator (Forster et al., 1946; Forster 
and Alpers, 1944; Grund, 1919; Grund, 
1937; Janko et al., 1989; Roth, 1982; Roth, 
1984). However, already Denny-Brown and 
Pennybacker (1938) proposed that fascicula­
tions originated within the LMN. More recent 
studies used transcranial magnetic stimulation 
(TMS) and found a relation between FPs and 
cortical hyperexcitability (de Carvalho et al., 
2000; Mills, 1995; Mills and Nithi, 1997). 
Nerve excitability testing gives evidence for an 
acquired axonal channelopathy. The abnorma­
lities were found to be even more pronounced 
distally (Bostock et al., 1995; Nakata et al.,
2006). Hyperexcitability of the axons seems to 
be caused by the combination of an increased 
persistent sodium current and decreased potas­
sium currents (Kanai et al., 2006; Mogyoros 
et al., 1998; Tamura et al., 2006). In a study 
using TMS together with nerve excitability 
testing, a high correlation between cortical 
hyperexcitability and peripheral abnormalities 
has been found (Vucic and Kiernan, 2006). 
Therefore, the contradictory findings are 
best explained by hyperexcitability occurring 
simultaneously in U M N  and LM N (Vucic et 
al., 2008), both contributing to the occurrence 
of fasciculation.
Neurophysiology in the diagnosis of 
ALS
Diagnostic criteria
There is no biological marker of ALS. The 
diagnosis of ALS is based on clinical evidence
of LM N and U M N  loss in a progressive course 
of the disease. In 1994 the El Escorial criteria 
were introduced for use in clinical trials and 
in clinical practice (Brooks, 1994). These 
criteria subdivide the body in regions supplied 
by bulbar, cervical, thoracic and lumbosacral 
motor nerves. Based on neurological signs, 
evidence of LM N or U M N  loss is collected. 
The extent of abnormalities, i.e. the number 
of regions with LM N or U M N  signs is trans­
lated to a level of diagnostic certainty as shown 
in Fig. 1-1. The criteria go back to expert 
consensus rather than quantitative data, but 
the rate of diagnostic errors is related to the 
categories (Traynor et al., 2000). Definite and 
probable ALS do not differ very much with 
respect to specificity, and probable ALS is 
often required for inclusion in trials and other 
studies.
The sensitivity of the El Escorial criteria is 70 
% or less at presentation, and some patients 
die without reaching the category definite 
ALS. Patients with fasciculation and cramps 
as one of the presenting symptoms are under­
represented in clinical trials because they do 
not meet the criteria (Zoccolella et al., 2006). 
In the later stages of ALS a former diagnosis 
of definite ALS can change to probable ALS 
due to severe peripheral loss that masks U M N  
signs.
To improve sensitivity in early diagnosis, the 
criteria have been revised ALS’ (Brooks et al., 
2000). In the original El Escorial criteria EMG 
was required to exclude other diagnoses, but 
the ALS diagnosis was based on clinical signs 
alone. In the revised criteria the additional 
category of ‘probable laboratory supported 
ALS’ was introduced. EM G provides evidence 
of LM N loss and a region is classified abnormal 
when fibrillations or positive sharp waves are 
found together with neurogenic MUAPs in 
two muscles supplied by different nerves and 
roots. The specificity of these EMG criteria has 
been demonstrated retrospectively (Makki and 
Benatar, 2007).
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Revised El Escorial criteria
Awaji criteria
FIGURE 1-1. Diagnostic criteria for ALS. The scheme was modified from Douglass et al. 
(2010) and www.wfn-als.org (2003). In the revised El Escorial criteria EMG denervation is 
defined as fibrillation potentials or positive sharp waves together with chronic neurogenic 
changes. In the Awaji criteria, however, LMN signs and EMG can replace each other. 
FPs are interpreted in the same way as fibrillations. * When the Awaji criteria are used 
together with the El Escorial criteria (Awaji algorithm), UMN signs in one region are suf­
ficient for ‘probable' ALS.
Triple stimulation technique
The balance between excitation and inhibi­
tion in the motor cortex can be probed with 
various TMS methods. Motor threshold is 
low in the early phase of ALS and increases 
later (Mills and Nithi, 1997), the silent period
is shortened (Mills, 2003; Prout and Eisen, 
1994) and intracortical inhibition is decre­
ased (Ziemann et al., 1997). Although these 
data support the concept of excitotoxicity (de 
Carvalho and Swash, 2010; Eisen, 2009), the 
silent period is the only cortical measure of
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some diagnostic value (Attarian et al., 2007; 
Mills, 2003; Schelhaas et al., 2007). None 
of the TMS methods is widely applied or 
accepted for the diagnosis of ALS (Chen et al., 
2008; de Carvalho et al., 2008).
The triple stimulation technique is a combi­
nation of TMS with a collision method. It 
provides a direct estimate of the proportion 
of muscle that can be activated through the 
corticospinal tract (Magistris et al., 1998). 
Normally almost 100% of the muscle is 
activated by TMS. In ALS, but also in other 
U M N  lesions, the TST response after cortical 
stimulation is decreased. In general, TST has 
been shown to be more sensitive in detecting 
a U M N  deficit than other TMS methods 
(Magistris et al., 1999) and in ALS in fact TST 
is more often abnormal than the neurological 
examination (Attarian et al., 2007; Rösler 
and Magistris, 2004). Therefore, TST has the 
potential to be a useful test that adds a subcli- 
nical finding to the diagnosis of ALS.
The status o f fasciculations in the diagnostic 
criteria
There has been criticism on the status of fasci­
culations and FPs in the (revised) El Escorial 
criteria (Wilbourn, 1998). Although fasci­
culations can occur in healthy individuals 
and in almost all peripheral nerve disorders, 
widespread and frequent fasciculations are 
very rare (Fermont et al., 2010). In 2008 new 
diagnostic criteria for ALS have been proposed 
(de Carvalho et al., 2008). These Awaji criteria 
interpret FPs in the same way as fibrillations 
and positive sharp waves. Furthermore, clinical 
signs and EM G findings can be used inter­
changeably for the classification of a region. 
Very often, clinical signs of LM N loss, fibrilla­
tion potentials and FPs occur together. In such 
cases, EM G does not contribute to diagnostic 
classification. Subclinical findings, however, 
add a region and ‘fasciculations without fibril­
lations’ (Rosenfeld, 2000) result in a difference 
between Awaji and El Escorial criteria. How
often the different combinations occur has 
only been described very recently (Krarup, 
2010; Sonoo et al., 2009).
Aims o f this thesis
The main theme of this thesis is the abnormal 
discharge of MUs seen as fasciculations in 
ALS. In particular, we wondered whether the 
discharge pattern of FPs is purely random. A 
non-random distribution of discharge inter­
vals gives insight into the membrane dynamics 
that underlies the generation of fasciculations. 
As a pre-requisite for such studies, we deve­
loped methods for the decomposition of 
HD-sEMG. First, we devised (Chapter 2) and 
validated (Chapter 3) a method for the decom­
position of the EM G signal from voluntary 
contractions. The decomposition of FPs differs 
in some ways from that of M U  potentials. On 
the one hand, it becomes more difficult due to 
the absence of a regularity of firings. On the 
other hand, superimposition of different FPs 
is relatively rare and FPs may have a higher 
amplitude due to reinnervation. Then we 
modified the method for FPs in patients with 
ALS (Chapter 4).
W ith this powerful method for the recording 
of a large number of discharges, we were able 
to measure FPs in patients with ALS and to 
describe different firing patterns (Chapter 5). 
We then used the same method and recorded 
FPs from a patient with neuromyotonia due 
to antibodies against potassium channels 
(Chapter 6) and in patients with benign fasci­
culations (Chapter 7).
Originally, we had planned to investigate the 
relation between fasciculations and cortical 
excitability and its potential diagnostic value. 
However, the relation turned out to be too 
weak to be diagnostically relevant. Further, 
a recent study by Attarian et al. (2007) had 
demonstrated that TST is more sensitive than 
the silent period. Therefore, we performed a
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diagnostic study to establish the additional 
value of TST in the diagnosis of ALS (Chapter 
8). In 2003 the standards the for the repor­
ting of diagnostic accuracy studies (STARD) 
have been published (Bossuyt et al., 2003). 
The STARD initiative aims at improving the 
publication of diagnostic research to allow 
the application of evidence based medicine in 
diagnosis. As advised, we defined the outcome 
measures prospectively and performed a single­
blinded study.
In 2008, new electrodiagnostic criteria for ALS 
were proposed (de Carvalho et al., 2008). The 
changes in the interpretation of FPs were not
driven by data from diagnostic studies, but by 
expert opinion (Benatar and Tandan, 2010; 
Schelhaas et al., 2008). We retrospectively 
applied the new criteria to evaluate if  sensiti­
vity is indeed improved and specificity remains 
acceptable (Chapter 9). We used the data to 
estimate the number of patients required for 
a prospective validation of the Awaji criteria. 
In chapter 10, our results will be combined 
with two very similar studies by Douglass et 
al. (2010) and Chen et al. (2010). Finally, it 
will be discussed if the Awaji criteria are suffi­
ciently validated to use them as the new refe­
rence standard for the diagnosis of ALS.
Part I
Decomposition of high-density surface EMG

Chapter
Using two-dimensional spatial information in 
decomposition of surface EMG signals
Bert U. Kleine 
Johannes P. Van Dijk 
Bernd G. Lapatki 
Machiel J. Zwarts 
Dick F. Stegeman
J Electromyogr Kinesiol 2007; 17:535-548
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R
ecently, high-density surface EMG electrode (HD-sEMG) grids and multi-channel 
amplifiers became available for non-invasive recording of human motor units 
(MU). In this chapter, a way to decompose surface EMG signals into MU firing patterns 
is presented. We concentrate on the importance of two-dimensional spatial differences 
between the MU action potentials (MUAPs). Our method is exemplified with HD-sEMG 
data from the vastus lateralis muscle of a single subject.
Bipolar and Laplacian spatial filtering was applied to the monopolar raw signals. From the 
single recording in this subject six different simultaneously active MUs could be distin­
guished using the spatial differences between MUAPs in the direction perpendicular to 
the muscle fibre direction. After spike-triggered averaging, 125-channel two-dimensional 
MUAP templates were obtained. Template-matching allowed tracking of all MU firings. 
The impact of spatial information was measured by using subsets of the MUAP templates, 
either in parallel or perpendicular to the muscle fibre direction.
The use of one-dimensional spatial information perpendicular to the muscle fibre direction 
was superior to the use of a linear array electrode in the longitudinal direction. However, 
to detect the firing events of the MUs with a high accuracy, as needed for instance for esti­
mation of firing synchrony, two-dimensional information from the complete grid electrode 
appears essential.
Introduction
Decomposition is the process of breaking 
down the EMG signal into the contributions 
of the underlying motor unit (MU) action 
potentials (MUAPs). In principal it is equi­
valent to “spike-sorting”, i.e. the isolation of 
individual neuronal spikes from intra-cortical 
recordings (Buzsaki, 2004). After decompo­
sition, aspects of motor control and muscle 
physiology become available simultaneously. 
First, MUAP waveforms emerge, which are 
closely related to the anatomy of the MU. 
Implications of changed MUAP waveforms in 
neuromuscular disease are well studied in elec­
trodiagnostic medicine (Dumitru et al., 2002). 
Second, per M U  the timing of the MUAP 
discharges, i.e. the firing pattern of the motor 
neuron, becomes available as well. Normal 
M U  firing in different types of contractions has 
been studied extensively (Enoka, 1995) and 
abnormalities have been described in disorders 
of the central nervous system (Dengler et al., 
1989; Dorfman et al., 1989; Mills, 1995; Sun
et al., 2000). Still, the difficulty of obtaining 
a complete decomposition has hampered full 
exploitation of the diagnostic and scientific 
potential of M U  firing pattern analysis. 
Traditionally, needle or wire recording is used 
to isolate single MUs from the EMG signal. 
The general assumptions and techniques 
behind the decomposition of intramuscular 
EMG have been reviewed by Stashuk (2001). 
The steps necessary for EMG decomposition 
in general are: signal segmentation (peak 
detection), peak classification (clustering), 
MUAP identification and finally the resolu­
tion of MUAP superimpositions. The latter 
step relates to the solution of the problem that 
when more MUs are active, there is a substan­
tial chance that two or more will fire almost 
simultaneously, so that their MUAPs will 
partially or completely overlap. The resulting 
complex waveform is a time-shifted summa­
tion of the underlying MUAPs, which is diffi­
cult to handle. When all firings of each M U  
are of interest, all these MUAP superimposi­
tions need to be resolved.
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It is a basic condition in any decomposition 
algorithm that the MUAPs of two different 
MUs differ more from each other than two 
subsequent MUAPs of the same M U  do. This 
condition is generally met with intramus­
cular EMG, but only rarely in single-channel 
surface EMG. Recently, HD-sEMG has been 
proposed for decomposition (Gazzoni et al., 
2004; Kleine et al., 2000; Wood et al., 2001). 
The necessity and the challenge of using spatial 
information from many electrodes when hand­
ling M U  decomposition is the most important 
difference between HD-sEMG and needle 
EMG.
Results of our surface EMG decomposition 
procedure, both in terms of M U  firing patterns 
(Kleine et al., 2000; Kleine et al., 2001) and 
in terms of MUAP amplitudes (Drost et al.,
2004) have been presented before. The present 
contribution describes the procedure in depth 
and illustrates the relative role of the two avai­
lable spatial directions in the decomposition 
procedure and the importance of the correct 
detection of all M U  firings when M U  firing 
interactions are to be quantified.
proximal
distal
FIGURE 2-1. Schematic representation of the 
electrode grid. Electrodes are arranged in a 
10 X 13 matrix with an inter-electrode distance of
5 mm. Bipolar derivation is obtained by subtract­
ing the signals from two adjacent electrodes in the 
fiber (proximal to distal) direction. The rectangle 
indicates the indicates the electrodes needed for 
a bipolar derivation from rows 9 and 10. As shown, 
five electrode positions at the corners are not con­
nected, leaving 125 monopolar channels.
Methods
EM G recording
Surface EMG data from the right vastus late­
ralis muscle of a healthy male subject are used 
to illustrate the forthcoming description. The 
subject gave informed consent. The subject was 
one of the investigators. High-quality surface 
EM G recordings were obtained before in this 
subject. During the measurement, the knee 
was 90° flexed and the subject extended his 
lower leg against a force transducer just above 
the ankle. Force was recorded and expressed 
as percentage of maximum voluntary contrac­
tion (MVC), determined from three attempts. 
Visual feedback of force was given. Force 
was slowly increased to a target force of 5% 
MVC. This level was held for 60 s and then
the subject was instructed to relax. The depth 
of the muscle tissue in this subject was 2.5 
mm and the thickness of the subcutaneous 
tissue was 1.1 mm, as measured by ultrasound 
according to Scholten et al. (2003). The recor­
ding system has been described previously by 
Blok et al. (2002). In short, the electrodes are 
arranged in a two-dimensional 10 x 13 matrix 
with an inter-electrode distance of 5 mm (Fig. 
2-1).
One hundred and twenty-five monopolar 
signals (five channels at the edges of the 130 
positions were not connected), referenced to 
the patella were amplified, filtered (3-400 
Hz), AD-converted (16 bits, 0.5 ^V/bit, 2000 
samples/channel/s) and stored for subsequent 
analysis (Mark 6, Biosemi, Amsterdam, The 
Netherlands). For multi-channel data acqui­
sition and visualization custom software in
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A monopolar B bipolar C Laplacian
■^vJUv-sjU
0.2 mV 0.2 mV 0.3 mV
100 ms 100 ms 100 ms
FIGURE 2-2. Example of spatially and temporally (high-pass at 15 Hz) filtered signals. 
Signal from the same 500 ms in monopolar (A), bipolar (B) and Laplacian (C) derivation. 
The upper trace corresponds to the medial, the lower to the lateral electrode positions 
(Fig. 2-1). In all cases electrodes closest to those in row 9 (see Fig. 2-1, rows 9 and 10 for 
bipolar montage; row 9 electrodes centrally in Laplacian filtering) were used.
LabWindows/CVI (National Instruments, 
Austin, Texas, USA) was used. Off-line data 
processing and visualization as described in 
the forthcoming were programmed in Matlab 
(Version 6.5, The MathWorks, Natick, USA). 
A  standard first processing step was digital 
high-pass filtering at 15 Hz.
Spatial filtering
From the set of monopolar signals, any post 
hoc montage can be obtained. The bipolar 
montage is most often used in surface EMG. 
Such subtraction suppresses signals from 
distant sources that are almost equally repre­
sented in both electrodes and can be seen as a 
spatial high-pass filtering. In principle, more 
complex weighted summations of the mono­
polar potential field can be implemented as 
spatial filters as well. A frequently used and 
representative higher order spatial filter for
surface EMG is the Laplacian montage (weigh­
ting of the middle electrode with +4 and the 
four adjacent electrodes with -1) (Dimitrov 
et al., 2003; Disselhorst-Klug et al., 1997). 
An example on the appearance of the mono­
polar signal and the effect of two spatial filte­
ring montages is given in Fig. 2-2. Note that 
no individual MUAPs can be distinguished 
in the monopolar signal (Fig. 2-2A). After 
the bipolar filtering, as preferentially used in 
this study (Fig. 2-2B), or after Laplacian (Fig. 
2-2C) filtering, the signals are much more 
“crisp”, and M U  firings can be distinguished 
from each other.
Segmentation and clustering
A data segment of 30 s duration, a particular 
spatial filter and a number of channels were 
selected for decomposition (Fig. 2-3, step 1). 
A  single row of bipolar derivations (horizontal
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FIGURE 2-3. Flow chart of the decomposition pro­
cedure as further explained in Section 2. With the 
present implementation of the software, for an ex­
perienced performer the analysis of 10 s data can 
be done in 1-2 h and most user interaction is need­
ed in steps 6 and 7. Obviously, the time needed to 
check each single firing can be longer and is very 
dependent on the complexity of the signal.
rectangle in Fig. 2-1) was chosen. In the follo­
wing steps only this subset of filtered signals 
(10 channels x 30 s) is processed.
The MUAPs are isolated from the background 
activity by peak detection (Fig. 2-3, step 2). 
Once the amplitude exceeds a user-defined 
absolute threshold (in this case 0.03 mV), 
a “peak” is identified. This is done on all 10 
channels (Fig. 2-3, step 3). The black regions 
in Fig. 2-4 indicate regions above threshold 
for each channel in such a row of bipolar 
signals. Only the largest absolute peak within
____j 0.15 mV
25 ms
FIGURE 2-4. Peak detection based on bipolar sig­
nals. Black areas indicate threshold crossings at 
0.03 mV. The circles indicate the detected peaks 
after alignment to the highest absolute peak.
a window of 10.5 ms is considered (round 
markers), leading to a total of 922 peaks in 30 
s of data.
Next, a Euclidean distance matrix is 
constructed and submitted to a Wards cluste­
ring procedure (Fig. 2-3, step 4). The distance 
between each pair of extracted peak waveforms 
is calculated on the basis of corresponding 
channels and sample numbers. The differences 
are squared and integrated over time and chan­
nels. The square root is the Euclidean distance 
and all pairs are stored in the distance matrix. 
This step takes both the spatial (waveform and 
amplitude differences between channels) and 
the temporal (time-course of the potential 
in each channel) information into account. 
Wards algorithm is a hierarchical cluster algo­
rithm and merges the peaks with the smallest 
distances, i.e. with the most similar waveforms, 
into one cluster such that variance within clus­
ters in minimized (Everitt, 1993; Ward, 1963). 
The merging of similar clusters and peaks 
continues until a user-defined number of clus­
ters remain. We choose to stop at a point where
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FIGURE 2-5. Clustering result at an intermediate step. For each cluster the mean and the 
standard deviation is plotted (top). As in Fig. 2-2, the upper trace corresponds to the me­
dial, the lower to the lateral electrode position. Bottom: ISI histograms for the spike trains 
of each cluster (left). ISI of the spike trains obtained by merging neighbouring clusters 
(right). The histogram binwidth is 10 ms. Calibration in counts/30 s.
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#1 #2 #3 #4 #5
N=160 N=135 N=116 N=146 N=242
■K
I 0.15 mV
10 ms
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0 50 100 150 200 250 300
FIGURE 2-6. Final clustering result. Cluster means 
(top). Bottom: ISI histograms before (left) and af­
ter (right) merging clusters. Presentation as in Fig. 
2-5.
the number of clusters is still higher than the 
number of MUs expected in the recording. In 
this case, 15 clusters were formed (Fig. 2-3, 
step 5). Clusters with only a few members and 
a high standard deviation of the waveform are 
assumed to represent superimpositions and are 
therefore removed. In the example, seven clus­
ters with less than 25 members were deleted.
This resulted in the eight clusters in Fig. 2-5, 
which were ordered according to mutual simi­
larity and presented as waveform means and 
standard deviations (Fig. 2-5A). The firing 
times of the clusters and the interspike inter­
vals (ISIs) were calculated and ISI histograms 
were constructed for ISIs between 0 and 300 
ms (Fig. 2-5B).
Interactive clustering
The clusters are next inspected and adjusted 
interactively (Fig. 2-3, steps 6 and 7). As 
shown in Fig. 2-5, the data are displayed either 
as: (i) cluster-means and standard deviations 
for all clusters separately and superimposed, 
(ii) bipolar signals with peaks coloured accor­
ding to the cluster number, and (iii) firing 
patterns as a ISI histogram for a single cluster 
and for the combination of two clusters. The 
operator uses this information either to merge 
together clusters that have similar waveforms 
and a physiologically plausible combined 
firing pattern or to split clusters that corres­
pond to more than one MU. The most impor­
tant criterion is, that ISIs of less than 15 ms 
are prohibited by the after-hyperpolarisation 
of the spinal motor neuron. The shape of the 
ISI histogram contains important information 
as well, but this is more difficult to quantify. 
The interactive clustering can be repeated (Fig. 
2-3, steps 6 and 7).
These steps will be illustrated by showing how 
the eight preliminary clusters in Fig. 2-5 were 
consolidated into the five clusters shown in 
Fig. 2-6. In cluster #1 of Fig. 2-5A, no ISI 
below 30 ms was found and most ISIs were 
between 50 and 120 ms, corresponding to a 
physiological M U  firing behaviour with a 
mean rate just above 10 Hz. A second peak 
in the histogram was present at 170-180 ms, 
corresponding to spike pairs where a discharge 
was missed or misclassified in between. It can 
be concluded, that all peaks in cluster #1 of 
Fig. 2-5A represent firings from the same MU. 
Histogram #2 contained some short ISI values,
40
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FIGURE 2-7. MUAP templates of all the detected MUs. (A) Monopolar; (B) after bipolar 
spatial filtering. Upper left corner corresponds to the most proximal and medial electrode 
position. Lower right corner is distal and lateral.
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the double-peak pattern was less clear, and the 
variability within the clustered waveforms (Fig. 
2-5A #2) was larger, so that a mixed cluster 
was suspected. So, cluster #2 was split, resul­
ting in two clusters with 93 and 29 members. 
Based on ISI histograms and waveform vari­
ability it was concluded that the latter (sub) 
cluster contained superimpositions and had to 
be deleted since each cluster should eventually 
represent a single MU. Cluster #3 contained 
only 42 firings. Based on ISI distribution and 
an identical waveform it was merged with the 
other (sub)cluster from cluster #2, resulting in 
the new cluster #3 having 135 members. The 
arguments discussed for #1 also hold for #4 and 
#6. Three short ISIs were present in cluster #5. 
The visual inspection of the signal indicated 
some contamination by superimpositions of 
two other MUAPs. Therefore by applying the 
clustering algorithm a second time cluster #5 
was split. The two new clusters contained 146 
and 5 members, respectively. The latter, repre­
senting the suspected superimpositions, is 
removed. Clusters #7 and #8 had relatively few 
members, but the ISI distribution fits well to 
a physiological M U  firing behaviour. The right 
part of Fig. 2-5B shows the ISI distributions 
that would result from merging the neighbou­
ring clusters. If two clusters represent the same 
MU, as is the case for #6 and #7, the gaps in 
the firing pattern are filled after merging resul­
ting in a physiologically probable histogram. 
However, if  spike trains of different MUs (#5, 
#6) are merged, many short ISIs result. Based 
on waveform-similarity (Fig. 2-5A) and firing 
pattern (Fig. 2-5B) it was finally decided to 
merge clusters #6, #7 and #8.
The result of these interactive operations is 
shown in Fig. 2-6. A total of 799 peaks were 
still present, divided into five clusters (Fig. 
2-6A). Any further attempt to merge clusters 
further will result in non-physiological M U  
firing patterns (Fig. 2-6B, right).
All steps of the above analysis were repeated for 
the data from the second part of the contrac­
tion, another 30 s at 5% MVC. Two previ­
ously unknown waveforms were identified. 
One of them had a spatial distribution that 
was identical to MU#4 (Fig. 2-6). However, 
from the ISI distribution it was obvious that 
it was generated by another MU. The second 
corresponded to a later recruited M U  and was 
included in the subsequent analysis as #6. Peak 
detection, segmentation, clustering and inter­
active editing eventually resulted in 878 peaks 
in six clusters.
MUAP templates from spike triggered 
averaging
The final step in the phase of template construc­
tion is spike triggered averaging, based on the 
assigned clusters (Fig. 2-3, step 9). The mono­
polar channels are averaged with time reference 
to the identified peaks within a cluster. This is 
repeated for all channels and for all clusters. 
Multi-channel MUAPs are stored in a mono­
polar format, which can also be used as a basis 
for spatially filtered templates. The monopolar 
and bipolar MUAP templates are illustrated in 
Fig. 2-7. The bipolar MUAP templates (Fig. 
2-7B) are used for the next template-matching 
step (Fig. 2-3, step 10).
Decomposition by template matching
In the next phase, all channels are to be used 
and read again from the file in segments of 
5.5 s duration with 500 ms overlap. Bipolar 
montages are made. Channels with artefacts 
due to bad electrode contact are excluded. The 
channel selection was based on visual inspec­
tion of signal quality. Strict impedance criteria 
would have resulted in overly conservative 
removal of channels. The MUAP templates, 
obtained as described above, are bipolarly 
derived as well (Fig. 2-7B). The next step 
is intended to find complete firing patterns 
for the templates, using a “peel-off subtrac­
tion” (Fig. 2-3, step 10). A  MUAP-template 
is subtracted from the continuous EM G on 
all channels at corresponding sample points.
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FIGURE 2-8. Example of the template-matching procedure. Upper part (A and D): Black 
lines indicate bipolar EMG obtained from rows 9 and 10 (A, perpendicular to fibre direc­
tion, refer to rectangle in Fig. 2-1) and the fifth column (D, parallel to fibre direction). 
The MUAPs with the largest area (#4 and #5) were detected. The grey line indicates the 
partial reconstruction of the EMG from those templates. Middle part (B and E): Intermedi­
ate stage of template matching. Black traces indicate the signal (B, perpendicular and E 
parallel to fibre direction) after subtraction of the templates of MU#4 and MU#5 (black 
minus grey lines of parts (A) and (D)). The grey traces are the summation of the MUAP 
templates detected at this stage (#1, #2, #3). Lower part (C and F): The residuals after the 
template matching procedure, i.e. the difference between the black and grey lines in the 
middle part (B and E) of the figure. Note that the data in (A) corresponds to a part of Fig. 
2-4. Not only the peaks considered for clustering, but also all superimposed MUAPs were 
recognized. (A colour version of this figure is available from the website of the Journal of 
Electromyography and Kinesiology)
The absolute area of the remainder is calcu­
lated, which measures how well the template 
explains the measured EMG signal at that 
short time segment. The template is then repea­
tedly shifted by one sample point at a time, 
subtracted from the measured EMG signal, 
and again the absolute area is calculated. This 
matching procedure is repeated for all time
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shifts and all available templates (Kleine et al.,
2000). The minimum area after subtraction of 
a certain MUAP corresponds to the best fit, 
and that particular MUAP is supposed to have 
fired. At this time point in the EMG signal, 
the template is subtracted from all the EMG 
channels. The procedure is repeated for the 
remaining signal to find another firing event, 
until no further decrease in area is possible. 
An example is given in Fig. 2-8. MUAPs #1, 
#2 and #3 become more clearly visible after 
subtraction of the templates from MU#4 and 
MU#5 (Fig. 2-8D and E). The peel-off proce­
dure is repeated for all the 5.5 s segments. 
Double-detections due to the overlap of the 
segments were removed.
Performance evaluation
For the data used in Section 2, the decompo­
sition result was evaluated by thorough visual 
inspection. Using all MUAP templates and 
the firing times, an artificial EMG signal was 
reconstructed. In the superimposed plot of the 
measured signal and the reconstructed signal 
(Fig. 2-8), peaks were corrected by hand. The 
list of firing times after evaluation by eye was 
taken as the best possible solution. Then the 
M U  firings that were missed or falsely detected 
by the automatic template matching were 
identified by comparison with this visually 
obtained standard.
Redundancy of spatial information
To quantify the importance or redundancy of 
the spatial information, the template matching 
procedure was repeated with different subsets 
of the available data. Reduced data sets were 
constructed by selecting 12 bipolar chan­
nels from one electrode column (e.g. vertical 
rectangle in Fig. 2-1). This simulates a one­
dimensional recording as obtained by a linear 
electrode array (Merletti et al., 2003). Other 
one-dimensional data sets were also generated 
by selecting single rows perpendicular to the 
muscle fibre direction as used in steps 1-7
(Fig. 2-3). The template matching procedure 
was repeated for all these subsets.
Cross correlation o f firing patterns
To demonstrate the consequences of missed 
firings, cross-correlation histograms between 
the firing patterns of different MUs were 
constructed for latency differences between 
-50 and 50 ms, with a binwidth of 1 ms. The 
cumulative sum (CUSUM) was obtained by 
integrating the histogram after subtracting the 
mean count at baseline (-40 to -10 ms), as 
described by Ellaway (1978).
Laplacian spatial filtering
To test whether Laplacian filtering may have 
an advantage over bipolar filtering, the clus­
tering step was performed using the signals 
derived from a Laplacian filtering centred on 
row 9 (Fig. 2-2C). In addition the template- 
matching step was performed using the full set 
of Laplacian filtered signals derived from all 
available channels.
Results
Performance evaluation
The performance of the decomposition 
method for the example signal is shown in 
Table 2-1. When all the available channels 
were used in the bipolar derivation, over 95% 
of all the M U  firings were correctly classified. 
The number of false positives was higher than 
the number of missed firings. This result adds 
to the similar performance reported earlier for 
five normal subjects and seven patients with 
Parkinson’s disease (Kleine et al., 2000; Kleine 
et al., 2001). In those studies, transcranial 
magnetic stimulation was used and accurate 
identification of M U  firings was necessary.
Redundancy o f spatial information
When single rows (10 bipolar channels perpen­
dicular to the muscle fibre direction), were
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TABLE2-1. PropertiesofthesixMUAP templates.
MU 1 2 3 4* 5 6
Triggers 160 135 116 146 242 57
Template area [mV * ms] 17,1 19,1 13,7 16,0 25,3 14,0
Firings 590 505 664 780 501 220
Bipolar template 
Missed 
False positive
14(2.4%) 
7 (1.2%)
8 (1.6%) 
16 (3.2%)
1 (0.2%) 
70 (10.5%)
0 (0%) 
15 (1.9%)
0 (0%) 
0 (0%)
0(0.0%)
2(0.9%)
Laplacian template 
Missed 
False positive
7 (1.2%) 
5 (0.8%)
7 (1.4%)
8 (1.6%)
1 (0.2%) 
5 (0.8%)
1 (0.1%) 
12 (1.5%)
0 (0%) 
0 (0%)
0 (0%) 
4 (1.8%)
* cluster contains two almost identical MUs
used for the template matching, the algorithm 
still detected almost all firings (Fig. 2-9B). 
However, considerably more false positive 
detection errors occurred (Fig. 2-9E). When 
instead only single columns (in fiber direction) 
were used for the decomposition (Fig. 2-9C 
and F), the performance deteriorated more. 
It was difficult to distinguish MU#1 from 
MU#2 when only using column 6 (compare 
templates in Fig. 2-7B). This resulted in 33% 
of the firings of MU#1 being missed (Fig.
2-9C, MU#1, cross at column 6). This error 
was mirrored by the 45% false positive rate for 
MU#2 (Fig. 2-9F, MU#2, cross at column 6).
Bias from missed firings
Figure 2-10 illustrates how short-term 
synchrony can be mimicked when detection 
errors occur in a non-random fashion. The 
cross-correlation between firings of MU#3 (A) 
and MU#5 (B) was estimated after decom­
position, based on the 10 channels of row
6 (left), based on the whole electrode grid 
(middle) and after manual editing of the spike 
trains (right). The peak suggesting short-term 
synchrony around 0 ms in the left histogram 
of Fig. 2-10C (left column), also present in the 
CUSUM, is a result of errors in the single row 
decomposition during the template matching.
Laplacian spatial filtering
Using the Laplacian filtered signals, the clus­
tering procedure was able to detect all five 
MUs, but it was only able to classify a total 
of 761 spikes, compared to 799 spikes for the 
bipolar signals. This was probably due to the 
lower number of channels after the Laplacian 
montage and the increased baseline noise in 
the signals (Fig. 2-2C).
The template matching procedure gave slightly 
better results with the Laplacian signals than 
with bipolar signals. A  summary of their 
performance over the whole 60 s data segment 
is given in Table 2-1. When using only single
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C
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FIGURE 2-9. Performance of decomposition based on template-matching with a reduced 
number of channels. For each MU separately and cumulated (below), the percentage of 
missed firings (A-C) and the percentage of false positively detected firings (D-F) was 
calculated. On the horizontal axis the default condition (all available channels, A and D) 
was compared with row 2-11 (B and E) and column 1-10 (C and F) used in isolation. The 
30 s used for the initial clustering (dots) was compared with the subsequent 30 s from the 
same contraction (crosses).
rows or column, an error pattern similar to 
that in Fig. 2-9 emerged (not shown).
Discussion
The use of topographical information from 
HD-sEMG and, more specifically, the use of
spatially filtered data are the key elements in 
the decomposition of HD-sEMG into the 
contributions of single MUs. The monopolar 
signals as recorded contain activity both from 
nearby and from far away electric sources, 
prohibiting proper peak detection and sepa­
ration (Fig. 2-2A). By spatial filtering of the 
signals, common activity is removed and it
#1
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FIGURE 2-10. Firing pattern analysis of MU#3 (A), MU#5 (B) and the cross-correlation 
between them (C). Left: spike trains based on the template-matching of 10 channels. 
When compared with visual inspection 4% of the firings of MU#3 were missed, there 
were 31% falsely positive detections. This means that although 96% of the firings were 
detected, only 75% of the detected firings are indeed from MU#3. No firings of MU#5 
were missed, 2% were false positives. The false detections of MU#3 often resulted from 
the residual noise associated with a detection of MU#5, giving a false central peak to the 
cross-correlation histogram that could be incorrectly interpreted as an indication for short­
term synchrony. Middle: all bipolar channels have been used, performance improved to 
0.5% missed and 13% false positives in MU#3 and 0.2% false positives in MU#5. No 
short-term synchrony is present. Right: results from edited spike trains after visual inspec­
tion. ISI histograms and cross correlation histograms count the number of events within 
each 1 ms bin that are detected in 1 min of recording time. The scaling of the CUSUM in 
extra counts per minute refers to the right axis. For this analysis the spikes from the 60 s 
described and an identical contraction of 60 s was pooled.
C
0
ms ms ms
is possible to “zoom in” on electrical activity in 10 appropriately selected bipolar channels 
from near-by sources (Fig. 2-2B and C). We (Fig. 2-1, horizontal rectangle) can be suffi- 
showed that the spatial information contained cient to distinguish six different MUAPs.
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Higher-order filters than the bipolar montage 
are possible and will increase spatial selec­
tivity. Selectivity has been studied by simu­
lation and experimentally (Dimitrov et al., 
2003; Disselhorst-Klug et al., 1997; Farina 
et al., 2003; Reucher et al., 1987). Especially 
the non-propagating far-field components of 
the MUAP originating from the muscle fiber 
ends are attenuated in a bipolar derivation 
(Stegeman et al., 1997). This also effectively 
shortens the visible part of the action potential. 
A  shorter duration of the main deflection of 
the MUAP improves decomposition since the 
amount of superimposition decreases. When 
looking at the appearance of the signals, the 
MUAPs are indeed increasingly “crisp” with 
higher order of the filter (Fig. 2-2B and C). 
The spatial filter has to be an optimum 
between spatial selectivity and noise. To date, 
most studies have used computer simulations 
and systematic studies on real data are lacking. 
An adaptive filtering scheme was sugge­
sted to improve MUAP detection (Ostlund 
et al., 2004). Based on visual inspection of 
HD-sEMG signals of a number of muscles 
in different subjects, bipolar derivation with 
a short inter-electrode distance often is an 
appropriate choice. When the clustering 
(Fig. 2-3, steps 1—9) was based on Laplacian 
filtered signals, in this dataset fewer peaks 
could be included in the steps on the forma­
tion of MUAP templates, which was most 
likely caused by a somewhat higher noise level 
(Fig. 2-2C). However, when the Laplacian 
filter was applied to the MUAP templates that 
were already obtained after bipolar clustering, 
decomposition could be improved slightly.
To answer the question whether all bipolar 
data should be used, the spatial distribution 
of the bipolar MUAP should be considered 
(Roeleveld and Stegeman, 2002). The muscle 
fibre direction plays an important role. As in 
the brachial biceps muscle and a number of 
other muscles, the fibres of the lateral vastus 
muscle are parallel to each other and more or
less parallel to the skin (Masuda and Sadoyama, 
1987; Rainoldi et al., 2000). The action poten­
tial is initiated at the neuromuscular junction 
and travels in the distal and proximal direc­
tions. Two bipolar montages, separated by a 
few millimetres will therefore record almost 
the same waveform, although delayed by a few 
milliseconds (Fig. 2-7 and 8). It also seems that 
MUs recruited at the same force have similar 
muscle fibre conduction velocities (Hogrel, 
2003). MU#4 had an endplate position which 
was separated by about 2 cm from those of the 
other MUs which had their endplates at about 
the same position, i.e. within 5 or 10 mm in 
the longitudinal direction (Fig. 2-7B, MU#1, 
#2, #3, #5, and #6). So, the characteristics 
of MUAPs recorded along the fibre direction 
appear similar for these MUs and extra chan­
nels do not add much information. 
Perpendicular to the muscle fibres, in the 
lateral-medial direction, the amplitude of 
bipolar MUAP is largely attenuated within 
10-20 mm away from the source (Fig. 2-7B). 
The muscle fibres of a particular M U  cover 
only a small part of the muscle and fibres 
from another M U  can be separated comple­
tely. Therefore, for the more superficial MUs, 
the medial-lateral position of a M U  is the 
most informative factor in the MUAP ampli­
tude distribution (Roeleveld et al., 1997). 
The usefulness of spatial information perpen­
dicular to the muscle fibres is confirmed by 
the fact that a single row of channels already 
gives a reasonable separation of the MUAPs 
(Fig. 2-9B and E). Adjacent rows give a similar 
performance, supporting the above notion 
that the signal is time-shifted only.
When most spatial information is already 
contained in one “perpendicular” row, what 
is then the advantage of using a complete 
2D grid electrode? It is possible to extract 
the MUAP templates from one row only, but 
also full decomposition is possible to a large 
extent with a single row. So in principle, 10 
channels recorded from 20 electrodes in the
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proper position (Fig. 2-1 and 9) are sufficient 
for some MUs. In general, however, results 
become more accurate with a complete dataset 
(Fig. 2-9, right). Moreover, finding the “proper 
position” is easier with a 2D grid. Instead of 
moving the electrode in search of the optimal 
recording position, the experimenter can just 
place the grid over the entire muscle and then 
determine the optimal row of electrodes after 
the data have been collected.
The approach chosen will probably work 
for any muscle with long and parallel fibres. 
In short muscles and in non-parallel fibred 
muscles, spatial information is not so easy to 
classify, but both directions appear still rele­
vant (Lapatki et al., 2006).
Decomposition errors may easily occur in a 
non-random fashion and will have important 
implications for firing pattern analysis. This 
may not only introduce inaccuracies, but may 
also distort cross-correlation histograms (Bar- 
Gad et al., 2001). More false positive errors 
are encountered for the smaller templates as 
e.g. MU#3 (Table 2-1, Fig. 2-7 and 9D) and 
more errors occur in noisy parts of the signal,
e.g. where MU#5 has already been subtracted. 
Signal-to-noise ratio and error rate become 
related to the firing pattern of this subtracted 
M U  and synchrony will falsely be detected as 
is the case for MU#3 in Fig. 2-10. Since we 
subtract the higher-amplitude MUAPs first 
(compare MU#5 and MU#3 in Table 2-1, 
Fig. 2-7 and Fig. 2-10), the accuracy slightly 
decreases with progression of the template 
matching. More complicated methods that 
take combinations of waveforms and firing 
probability into account were described for 
needle EMG decomposition (Etawil and 
Stashuk, 1996; LeFever and De Luca, 1982; 
McGill, 2002).
Surface-recorded waveforms are much simpler 
than needle EM G potentials, so that destruc­
tive interference that prohibits the peel- 
off subtraction seems to be rare. However, 
more advanced techniques might also for
HD-sEMG signals further improve accuracy. 
Despite various ways of spatial filtering, we 
were unable to use this decomposition proce­
dure at higher forces (data not shown). This 
was because often two or more MUs with 
almost identical MUAP wave shapes were 
encountered, similar to the described case of 
a twin M U  to MU#4. Two indistinguishable 
MUs have their muscle fibres intermingled 
with almost identical anatomical properties. 
At what force this will become a problem 
depends on the architecture of a particular 
muscle. Considerable differences between 
individuals seem to exist, as Hogrel (2003) 
was able to extract single M U  firing patterns 
from Laplacian filtered EMG from the biceps 
brachii muscle over a wide range of forces, 
albeit only in some subjects. Gazzoni et al. 
(2004) claimed to be able to decompose surface 
EMG at higher force levels than we were able 
to when using simulated signals to validate the 
algorithm. They further present data at higher 
force levels recorded in a paraplegic patient. A 
peripheral nerve lesion leads to axonal loss and 
re-innervation and firing rates tend to be lower 
in upper motor neuron lesions, both facilita­
ting decomposition. These considerations do 
highlight that the application of HD-sEMG 
decomposition might be particularly useful in 
patients with neurogenic weakness (Drost et 
al., 2004).
Although the detailed analysis of M U  firing 
patterns remains restricted to low-force 
contractions, conclusions about muscle fibre 
anatomy or M U  size can also be drawn at a 
somewhat higher force levels (Drost et al., 
2004; Lapatki et al., 2006). If, as discussed 
above, one can establish that two MUs have 
the same electrical (and anatomical) proper­
ties, the result of the spike-triggered averaging 
is representative for both MUs and anato­
mical interpretations are not compromised. 
Also conclusions with respect to M U  size or 
M U  number are possible, although correction 
might be needed for the fact that two or more
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MUs with the same topography were analysed. 
The decomposition algorithm presented here 
includes many interactive steps that could 
be improved by recently developed algori­
thms. On one hand spatial selectivity could 
be improved, potentially by adaptive filtering 
(Ostlund et al., 2004). On the other hand, 
firing pattern information can be used more 
extensively to adjust clustering (Rasheed et al.,
2006). In the step of template formation more 
accuracy can be achieved by subsample alig­
nment or by interference cancellation avera­
ging (McGill et al., 1985; McGill et al., 2005; 
McGill and Dorfman, 1984). Resolution 
of complex superimpositions is probably
improved by a search strategy that includes 
firing probability (McGill, 2002).
In conclusion we have shown that, when visual 
inspection and correction is allowed, data 
from two-dimensional HD-sEMG grids can, 
up to a modest level of M U  recruitment, be 
fully decomposed into the underlying MUAP 
trains. The recognition of different MUAPs 
in parallel fibered muscles as the vastus late­
ralis muscle relies on spatial information, 
mainly in the direction perpendicular to the 
muscle fibres. For an accurate analysis of firing 
patterns, the use of the complete two-dimen­
sional set of grid channels contributes to the 
quality of the result.
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H
igh-density surface EMG (HD-sEMG) can be used to obtain a spatially selective 
representation of several motor unit (MU) action potentials (MUAPs). In Chapter 
2, a decomposition of the signal into the underlying motor neuron firing patterns has been 
described. The reliability of the algorithm has not yet been tested.
Eleven healthy subjects participated. HD-sEMG was recorded from the vastus late­
ralis muscle during an isometric knee extension. Two independent operators analyzed 
the signals. After operator-supervised cluster analysis of spikes, MUAP templates were 
constructed and an automatic template matching was performed. The decomposition was 
adjusted by hand. Agreement between operators was calculated for the number of coinci­
dent firings. Bland-Altman plots of peak-to-peak amplitude were constructed and limits 
of agreement were calculated.
For completely decomposed MUAP trains the between-operator agreement of firing events 
was very high. The peak-to-peak amplitude of monopolar MUAPs was 115 pV (SD 74 
pV). The agreement was within 3 pV and independent of amplitude. With partial decom­
position agreement within 26 pV was achieved. For bipolarly derived MUAPs the peak- 
to-peak amplitude was 54 pV (SD 49 pV), the agreement was within 3 pV. Only for 
recordings obtained from a force level below 5% of the maximum voluntary contraction 
(MVC) full decomposition was possible.
It was concluded that when full decomposition is achieved, two independent operators are 
likely to arrive at nearly identical firing patterns.
Introduction
The surface EM G is a summation of the contri­
bution of repeatedly firing individual MUAP. 
The waveform of the MUAP and its topography 
can be interpreted in terms of the anatomy of 
the M U  and the physiology of action potential 
propagation. The patterns of M U  discharges 
and their interdependency help to understand 
the mechanisms of muscle control utilized 
by the central nervous system. The process of 
extraction of M U  firing patterns and MUAPs 
from the EMG is known as decomposition. 
As reviewed by Stashuk (2001), a number of 
algorithms has been presented, suitable for 
different electrode configurations and diffe­
rent levels of accuracy. When the physiology 
of M U  firing patterns (Enoka, 1995; Gorassini 
et al., 2004; Heckman et al., 2005; Powers et 
al., 2002) is to be studied, a high accuracy is 
required (Bar-Gad et al., 2001). In Chapter 2, 
we have presented a partly interactive decom­
position procedure for HD-sEMG. As far as 
we know, neither for this procedure, nor for 
any other surface EMG decomposition tech­
nique, the level of accuracy was established.
It is intrinsically difficult to establish that M U  
firing moments were identified correctly, since 
a gold standard does not exist. For selective 
recordings with needle or wire electrodes, it 
is generally accepted that the detection and 
identification of the first recruited MUAP is 
reliable. In fact the method of Buchthal et 
al. (1954) is generally considered as the gold 
standard for quantitative MUAP analysis in 
needle EMG (Fuglsang-Frederiksen, 2006). 
However, it is impossible to establish that all 
the firing events are identified and what the 
accuracy of that process is. Probably the best 
possible approximation of accuracy of needle 
EMG decomposition can be obtained by 
recording from two or more electrode posi­
tions (McGill et al., 2005). Two electrodes 
within the same muscle have a chance to
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record from the same MUs. By simultaneous 
data acquisition, independent analysis and 
cross-correlation of the results, the limit of 
accuracy can be determined (Mambrito and 
De Luca, 1984; McGill et al., 2004; Zennaro 
et al., 2003). This approach is not easily trans­
lated to HD-sEMG. It is possible to record 
the same M U  on two electrode arrays or grids, 
but the signals share many more features than 
signals from two needles in the same muscle 
would do. Another possibility could be the 
simultaneous recording of needle and surface 
EM G (De Luca et al., 2006), which requires 
a suitable electrode grid (Lapatki et al., 2004). 
A  different, less stringent, approach is analysis 
of decomposition performance on simulated 
EM G signals. Although helpful in the deve­
lopment of algorithms (Farina et al., 2001), 
the validity of the simulation result poses an 
additional problem.
W ith user-interaction in some steps of decom­
position, most electromyographers can give 
a subjective estimate of accuracy. Clues that 
they use are the completeness of the firings 
resolved, the regularity of firings, the shape 
and amplitude of the MUAPs and residual 
noise. This process is not easily quantified, 
but we recognize McGill’s analogy to a jigsaw 
puzzle (McGill et al., 2005). They stated: 
“when a signal is fully decomposed, with every 
discharge and superimposition accounted for 
to the level of the baseline noise by a set of 
physiologically realistic MUAP trains, then 
those MUAP trains can reasonably be consi­
dered to be substantially correct”. In that 
way full decomposition “provides an added 
measure of confidence in the accuracy of the 
results, in much the same way that the overall 
integrity of a completed jigsaw puzzle confirms 
the correct placement of the individual pieces”. 
The “physiologically realistic MUAP train” is 
very similar to what was called “intellectual 
set of diagnostic criteria” in Feinstein’s (2002) 
thoughtful review addressing, among other 
things, the problem of clinical gold standards.
We obtained HD-sEMG recordings at diffe­
rent force levels and asked two operators to 
decompose the signals. Using the same soft­
ware they analyzed the signals independently. 
The operators were free to change a number of 
settings and to correct the results of the semi­
automatic decomposition. Comparing the 
results, both in terms of agreement on firing 
events and in terms of M U  size estimates, gives 
an estimate of the maximum accuracy that can 
be achieved with optimal processing.
Methods
High-density surface EMG
Eleven healthy volunteers, 6 males and 5 
females, aged 20-29 years participated in 
the study. Most subjects were students of 
human movement sciences. None of them 
had a history of a neuromuscular disorder. All 
subjects gave informed consent to the study 
and the local ethical committee approved the 
study protocol.
To obtain a stable interference pattern during 
an isometric contraction visual feedback of 
force was used. The subjects were seated with 
the knee flexed at 90° and the lower leg was 
extended against a force transducer placed 
above the ankle. Body position was fixed as far 
as possible, to avoid any drift in the baseline 
force signal. The subject was verbally encou­
raged to perform a true maximum voluntary 
contraction (MVC). Three attempts of MVC 
were recorded and the maximum was taken. 
The subjects were asked to perform ramp-and- 
hold contractions by increasing the force from 
zero to a target force within 10 s, holding it for 
30 s and relaxation within 10 s. After 20 s the 
cycle repeated. Target force was varied between 
1% and 10% M VC with steps of 1% MVC. 
During the contraction, HD-sEMG was 
continuously recorded from the lateral vastus 
muscle of the left leg. The recording system 
was described previously by Blok et al. (2002)
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operator A operator B
FIGURE 3-1. Outline of the data processing steps.
and the recording conditions were identical to 
those in Chapter 2. In short, 130 electrodes are 
arranged in a 10 x 13 rectangular matrix with 
an inter-electrode distance of 5 mm in both 
directions. Electrode placement and signal 
quality was checked visually before starting the 
experimental protocol.
EMG signals from the 126 connected electrodes 
were amplified, band-pass filtered (3-400 Hz), 
AD  converted with a resolution of 0.5 pV/bit 
at a rate of 2000 samples/s/channel (Mark6, 
Biosemi, Amsterdam, The Netherlands), and
stored for subsequent analysis on the hard 
disk of a personal computer. For visualiza­
tion during recording bipolar spatial filte­
ring was available. A  software high-pass filter 
(Butterworth fourth order, 15 Hz) was applied 
before all analysis steps.
Decomposition analysis
Only EMG signals from the stable hold 
phase with a duration of 20 s were analyzed. 
The analysis steps were described in detail in 
Chapter 2. In short, the first phase included
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TABLE 3-1. Inter-operator agreement of firing patterns for full decomposition of 5 s (A3, B3) after template 
matching (A2, B2) and after clustering from 20 s HD-sEMG (A1, B1). The absolute number of detected 
firings or the percentage agreement between processing steps is given. MUs with 100% agreement are 
typedbold.
MU subject force
%MVC A3
Firings 
B3 A3B3
agreement (%) 
A3B3 A2A3 B2B3 
/max /A2 /B2
A1
Firings
B1 A1B1
agreement (%) 
A1B1/ 
max(A1,B1)
1 1 1 47 49 47 96 75 77 119 110 102 86
2 1 1 45 45 45 100 100 95 88 65 65 74
3 1 1 25 25 25 100 96 100 128 119 110 86
4 1 1 30 30 30 100 100 100 57 57 42 74
5 1 1 49 49 49 100 100 100 129 113 113 88
6 1 1 26 25 25 96 82 86 108 98 96 89
7 2 1 42 42 42 100 100 100 123 133 123 92
8 2 1 38 38 38 100 100 100 107 107 87 81
9 2 1 50 50 42 84 62 61 31 99 27 27
10 3 1 35 35 35 100 97 100 137 63 61 45
11 5 46 45 45 98 100 98 93 98 57 58
12 5 27 27 27 100 100 100 116 116 116 100
13 6 1 31 31 31 100 74 79 95 76 76 80
14 6 1 39 39 39 100 85 82 137 142 125 88
15 6 1 51 51 51 100 100 100 205 161 161 79
16 7 1 35 35 24 69 100 86 54 97 42 43
17 7 1 36 33 23 64 71 93 86 54 46 53
18 7 1 43 43 40 93 78 63 132 131 129 98
19 7 1 35 35 35 100 100 100 112 109 101 90
20 8 1 36 36 35 97 80 97 69 58 29 42
21 8 1 20 19 (19)* 95 100 100 63 43 (38)** 60
22 8 1 41 41 41 100 95 100 61 70 36 51
23 10 45 45 45 100 14 54 63 119 13 11
24 11 1 40 40 40 100 54 59 141 136 117 83
25 11 1 50 50 49 98 62 65 142 148 114 77
* 0/20 coinciden 
** 11 coincident
detections within 2 ms 
detections within 2 ms
19/20 within 5 ms. 
38 within 5 ms.
the selection of 10 bipolar channels, thres­
hold detection, peak alignment, clustering and 
interactive adjustment of clusters (Fig. 2-3). In 
the second phase, all channels were included 
in the template and, after automatic template 
matching, the result was corrected interacti­
vely if  required. This last interactive editing 
step is very time-consuming and was therefore 
restricted to the 5 s in the middle of the recor­
ding.
Decomposition analysis was performed by two 
operators (A, B). Both were undergraduate 
students in biomedical sciences with focus 
on human movement sciences. The project
was completed within four months. During 
the first two months both students were 
required to familiarize with M U  physiology 
by reading the relevant chapters in textbooks 
of neurophysiology (Kandel et al., 2000) and 
electrodiagnostic medicine (Dumitru et al.,
2001) and the analysis of surface EM G in 
general (Dumitru et al., 2002; Kandel et al., 
2000; Zwarts and Stegeman, 2003). Also, they 
attended a number of clinical EM G examina­
tions at the department. They were trained in 
EMG decomposition on recordings that had 
been decomposed previously. These recordings 
had been discussed before with at least one of
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the other three authors. Emphasis was put on 
the accuracy of the decomposition. In the first 
instance both were more liberal than the first 
author in accepting clusters of peaks as valid 
MUAP spike trains. However, after they had 
become more familiar with the full decompo­
sition step and the use of firing pattern infor­
mation, they were able to decide which signals 
were suitable for decomposition and to adjust 
the settings of the algorithm optimally. Only 
after they arrived at full decompositions that 
closely matched previous results, the analysis 
of the data presented here was started.
Fig. 3-1 gives an outline of the data proces­
sing steps. The operators performed the data 
acquisition together. They started reviewing 
the data beginning with the lowest force and 
had to reach consensus on the force level that 
they thought they could decompose fully. 
After this selection, the operators decomposed 
the signals independently. The decision to use 
a certain set of channels, thresholds and other 
parameters were made independently. The 
spike trains and the averaged MUAP wave­
forms were stored at each step. Comparisons 
between operators were made after all data was 
acquired and decomposed.
Firing pattern agreement
In the analysis of agreement between inves­
tigators, we started with the results from the 
last step (A3, B3, see Fig. 3-1 for the abbre­
viations) in the analysis. All spike trains were 
submitted to cross-correlation analysis. It was 
calculated how often a M U  detected in A3 
was firing within 2 ms of any M U  detected in 
the corresponding dataset of B3. Spike trains 
representing the same M U  are expected to 
show a cross-correlation peak around the time- 
lag zero. On either side of the peak the cross- 
correlogram should mirror the auto-correlation 
function, i.e. the inter-spike interval distribu­
tion. In this way the different spike trains were 
matched. Then the number of firings detected 
by both operators within a 2 ms window
(A3B3) was calculated. Such detections were 
considered as agreement between operators 
in the following. From these near-coincident 
firings the mean and the standard deviation of 
the delay between A3 and B3 were obtained. 
Only the 5 s that were fully edited (A3, B3) 
were included. The same type of analysis was 
then repeated for the different steps of analysis 
by the same operator (A3—A2, A3—A1, B3—B2, 
B3—B1) and to compare the different operators 
(A1—B1, A2—B2). In the latter comparisons 
spikes from 20 s were included. In all cases 
firing moments were considered as agreement 
when occurring within the window of 2 ms.
MUAP agreement
From each processing step the firing events per 
M U  were used to average the MUAPs from 
the raw monopolar data. For each M U  the 
MUAPs, denoted A3B3, A1, A2, A3, B1, B2, 
B3 were constructed (Fig. 3-1). Also bipolar 
MUAPs were calculated. For each channel the 
peak-to-peak amplitude and the area was calcu­
lated from the 30 ms after the onset. The onset 
was marked interactively in the monopolar 
MUAPs from the A3B3 dataset (Kleine et al., 
2000). For each MUAP the maximum ampli­
tude and area were taken as a measure of M U  
size (Drost et al., 2004; Roeleveld et al., 1998). 
Traditionally agreement between two measu­
rements has been addressed in a scatter plot of 
both estimates, supplemented by correlation 
and regression analysis. Bland and Altman 
(1986) have shown the fundamental problems 
with this analysis and proposed to calculate 
the 95% confidence interval of the limits 
of agreement. The issue has been reviewed 
extensively (Bland and Altman, 1999; Bland 
and Altman, 2003) and their method is now 
widely accepted (Atkinson and Nevill, 1998; 
Lexell and Downham, 2005; Morton et al.,
2005). In a Bland—Altman plot, the difference 
between two observations (MUAP amplitude 
A - MUAP amplitude B) is plotted on the 
Y-axis. On the X-axis the mean between the
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two observations (1/2 MUAP A + 1/2 MUAP 
B) is plotted. From the individual differences 
on the Y-axis, the 95% limit of agreement is 
calculated as mean ± 1.96 the standard devia­
tion. In principle, limits of agreement can be 
calculated in the same way for two methods, 
two measurements on different occasions 
(test—retest) or two subjective operators (inter­
rater). No independent or repeated measure­
ments were performed in this study, so these 
aspects of reliability were not assessed.
Results
Force level
In two of the 11 subjects it was not possible to 
fully decompose any of the sEMG signals. Data 
from one of these two subjects was not suitable 
for decomposition. It was impossible to distin­
guish single MUAPs from the background of 
intermingled M U  activity. In the other one 
both operators did a part of the decomposi­
tion process from a recording at 1% MVC. 
Independently of each other, they concluded 
that they were able to recognize spatially diffe­
rent MUAPs. Operator A  obtained 3 clusters 
of MUAPs, operator B obtained 4 clusters of 
MUAPs. Both arrived at the conclusion that 
it was impossible to obtain a firing pattern 
compatible with known physiological M U  
discharge properties. The operators finally 
discussed their findings with the first author. It 
appeared that there were two different spatial 
distributions of MUAPs. From closer examina­
tion we concluded that 5 different MUs were 
active. This view was confirmed by looking at 
the ramp phase of the contraction, where a 
stepwise recruitment became clear. No analysis 
of agreement was undertaken on the findings 
of this subject.
In the other nine of 11 subjects a full decom­
position of at least one M U  spike train was 
possible and subjected to analysis of agree­
ment. As shown in Table 3-1, in 7 subjects
the measurements were analyzed at 1%, in 
one subject (#5) at 2%, and in another subject 
(#10) at 4% MVC. The number of MUs 
detected at 1% of M VC varied from 1 to 6. At 
2% of MVC, 2 MUs were detected. At 4% of 
MVC, 1 M U  was detected. A total of 25 MUs 
were detected by both operators. One M U  was 
detected by operator A only and was excluded 
from further analysis.
Firing pattern agreement
After manual correction of the automatic 
decomposition result, the two operators were 
in full agreement of each single firing in 15 
of the 25 MUs. In the majority of remaining 
MUs (Table 3-1) the agreement was high, 
but not 100%. In one subject (#7), there 
was substantial disagreement concerning the 
firings of two MUs, while for the other two 
MUs the agreement was good. In the 500 ms 
of EM G shown in Fig. , two M U ’s (#3 and #4) 
were detected and classified in full agreement. 
Both operators identified all firings of M U  #1 
and #2. However, in some instances they clas­
sified the firings differently.
A  priori, we had decided to accept spikes 
detected within a window of 2 ms as coinci­
dental (A3B3). From the mean delay between 
spikes detected by A and B, it appeared that 
the time window of 2 ms was not critical. The 
mean delay (A3 vs B3) was between -0.5 and 
0.3 ms for all MUs. W ithin the MUAP trains 
the average SD of the delay was 0.4 ms. Note 
that these values are close to the resolution of 
the recording system of 0.5 ms.
W ith these settings, one M U  from subject #8 
was classified as not agreeing between A and B. 
When re-analyzed with a limit of 5 ms, 19/20 
coincidental firings with a mean delay of 2.8 
ms were found. The SD was 0.3 ms, indicating 
that the time-shift was as stable as for the other 
MUs.
Table 3-1 also shows the comparison between 
the automatic template matching (A2 or B2) 
and the corrected last step (A3 or B3). The
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50 ms
FIGURE 3-2. Example of bipolar EMG with the bipolar derivation obtained in proximal­
distal direction. Eight channels, arranged from medial to lateral over de vastus lateralis 
muscle are shown. The signal was obtained from subject #7. Both operators have de­
composed the signal and both detected 4 MUs. In the 500 ms detected here, the same 
MU firings have been identified (dotted lines), but in two instances (bold), the firing was 
assigned to different MUs.
percentage of firings that were confirmed by 
a specific operator relative to the number of 
detections is given (coincident A2A3/A2 and 
coincident B2B3/B2). Note that the agree­
ment between the two processing steps was 
often similar between operators and predicts 
inter-operator agreement.
The right column of Table 3-1 gives a compa­
rison of the firing patterns at the stage of clus­
tering (A1 and B1) the agreement between 
operators was lower, although in some cases a 
complete agreement was possible.
MUAP agreement
A summary of the mean MUAP amplitude 
and area is given in Table 3-2. As expected, 
the maximum amplitude of the monopolar 
MUAPs was higher than that of the bipolar 
MUAPs; even more so for the MUAP area.
The amplitude of the monopolar MUAPs, 
obtained by both operators in (A3B3) and by 
both of them separately (A3 vs B3) is compared 
in Table 3-3. As expected with good agreement
of the trigger events, the amplitude agreement 
was within 3 ^V at the last processing steps 
(A3 vs B3, A3 vs A3B3, B3 vs A3B3).
When comparing the monopolar MUAP 
amplitudes from the clustering step (A1, B1) 
with the last step of decomposition (A3B3) 
by calculating Pearson’s correlation coeffi­
cient, agreement seems excellent (Pearsons’s r 
= 0.991, 0.994 and 0.989, upper part of Fig.
3-3). As shown in the corresponding Bland—
TABLE 3-2. Mean MU size estimates, derived from 
the 25 MUAP templates at different steps of de­
composition.
PP amplitude (pV) area (pVms)
Mean SD mean SD
monopolar
A3B3 115 74 537 309
A1 110 72 503 289
B1 110 74 511 324
bipolar
A3B3 54 50 188 150
A1 52 50 173 148
B1 52 50 176 148
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TABLE: 3-3. Agreement in entimation o fM U A P s ize variables . For each variablh mean differencn (bias) 
between operatn ro or stvea soh g otcas, ntg ncierd dev¡st¡on d  0¡fferencnsand f/e lnc /e r and uh^ r l^ nr^ it 
o fagreemeno are ì^ ìsoo.
PP amplitude (pV) area (pVms)
mono polar bias SD LOA- LOA+ bias SD LOA- LOA+
A1 vs A3B3 -5 10 -26 15 -34 66 -163 95
B1 vs A3B3 -5 8 -21 11 -26 46 -116 65
A2 vs A3B3 -9 50 -106 88 -32 183 -390 326
B2 vs A3B3 -6 12 -29 17 -19 48 -112 74
A3 vs A3B3 0 1 -2 2 -1 8 -16 15
B3 vs A3B3 0 1 -3 3 0 7 -15 14
A1 vs B1 -1 11 -2 2 21 -9 84 -173 156
A2 vs B2 -3 47 -94 89 -13 171 -348 322
A3 vs B3 0 1 -3 3 0 10 -19 19
bipolar bias SD LO A- LOA+ Bias SD LO A- LOA+
A1 vs A3B3 -1 2 -6 3 -15 19 -52 21
B1 vs A3B3 -1 2 -5 3 -12 16 -43 19
A2 vs A3B3 -4 24 -51 44 -10 98 -202 182
B2 vs A3B3 -2 5 -12 7 -7 19 -45 31
A3 vs A3B3 -1 1 -3 2 -1 4 -10 7
B3 vs A3B3 0 1 -2 2 -1 4 -9 7
A1 vs B1 0 2 -5 4 -3 15 -3 2 25
A2 vs B2 -1 24 -48 45 -3 96 -190 184
A3 vs B3 -1 1 -3 1 0 4 -8 7
Altman plots, the 95% limit of agreement for 
monopolar peak-to-peak amplitude was 26 
^V  and 21 ^V (Table 3-3). Between opera­
tors (A1 vs B1) the agreement was within 23 
^V. The Bland—Altman plots illustrate also 
that disagreement is independent of absolute 
MUAP amplitude or area. As can be seen from 
Fig. 3-3 and 3-4 and from Table 3-3, there 
was a bias of both A1 and B1 towards lower 
amplitudes, as compared to A3B3. This bias 
accounted for only 5% of the mean amplitude, 
but was significant (p < 0.01) if  assessed with 
t-tests for paired observations.
For the maximum bipolar peak-to-peak ampli­
tude the limits of agreement were around 5 pV 
for all comparisons. Again there was a very 
small, but statistically significant bias (t-test 
for paired observations, p < 0.01). Amplitude 
was 2—3% of mean amplitude lower, when 
estimated from the clustering result (A1 or B1 
vs A3A3).
The agreement in monopolar MUAP area is 
presented in Fig. 3-4. Similar to amplitude, 
there was a high correlation between opera­
tors and processing steps (r = 0.978, 0.991, 
0.969, upper part of Fig. 3-4). Again there was
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FIGURE 3-3. Agreement of monopolar MUAP amplitudes (peak-to-peak, maximum of all 
electrode positions). Upper row: correlation between the processing A3B3 and A1, A3B3 
vs B1, A1 vs B1. Lower row: Bland-Altman plot of the same data. The difference between 
paired observations is plotted against the mean of the two observations. Dotted lines 
indicate the 95% limit of agreement.
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FIGURE 3-4. Agreement of monopolar MUAP areas under the curve.
a slight, but significant bias towards lower area size, slightly better for bipolar than for mono­
in the clustering steps A1 and B1. The agree- polar MUAPs. Maximum amplitude appeared 
ment is, when normalized to mean MUAP slightly more robust that area.
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The template matching procedure alone (A2, 
B2) resulted in substantial inaccuracy of the 
MUAP size estimates and does not remove 
the bias. However, a substantial part of the 
disagreement between A2 and all other proces­
sing steps can be attributed to a single outlier, 
also visible in Fig. 3-2 and 3-3, corresponding 
to M U  #23.
Discussion
This is the first study on inter-operator agree­
ment of HD-sEMG decomposition. The 
decomposition procedure includes user­
interaction that requires knowledge of signal 
characteristics and the underlying physio­
logy. Training of the operators was neces­
sary, however certainly not for a long period 
in comparison to what is considered reaso­
nable in quantitative needle EM G (Fuglsang- 
Frederiksen, 2006).
For 15/35 (35%) MUs, the agreement 
between operators A and B concerned 100% 
of the firing events. In one case a long, but 
constant delay was found, in the other cases 
a short mean delay was present between the 
firings. A  delay as such was not unexpected, 
since the operators could use different features 
of the MUAP (such as the positive or nega­
tive peak) in the detection of M U  firings. As 
a consequence of agreement in triggers, apart 
from a constant delay, there was a good agree­
ment in the size parameters MUAP amplitude 
and area.
Agreement between MUs was calculated with 
respect to firing patterns and with respect to 
M U  size parameters. Testing agreement of 
detected firings was done first, since matching 
of the detected MUs is a pre-requisite for the 
latter analysis. When the error rate is high, 
it can be impossible to make the distinction 
between two different MUs and one M U  
that was detected by both operators with 
many independent errors. An example of this
was described above and was excluded from 
the agreement analysis. This means that it is 
impossible to estimate accuracy from inter­
operator agreement there when agreement 
is low. To measure low performances of the 
algorithm, comparison with another standard 
such as an invasive recording is required. In 
other words: When only complete or almost 
complete firing patterns were accepted, the 
agreement between two operators appeared to 
be very good. This gives a good estimate of the 
upper limit of decomposition performance. 
For the case of a rather incomplete decom­
position, it is impossible to quantify the level 
of inaccuracy from our data. For illustration 
imagine again the analogy of the jigsaw puzzle: 
It is simple to see that all pieces fit into the 
puzzle, but it is impossible (or meaningless) 
to say that about one third of the pieces are 
about in the right place. For that reason it is 
impossible to estimate the accuracy of a partial 
decomposition from the clustering results (A1, 
B1) alone. From our data we conclude that for 
signals that have not (yet) been decomposed 
fully, inter-operator agreement remains unde­
fined.
Inter-operator agreement of M U  size varia­
bles was good for the full decomposition step 
(A3, B3). The earlier processing step give less 
agreement and a slight bias towards under­
estimation of M U  size. Area is estimated less 
accurately than amplitude and monopolar 
MUAP variables are less accurate than bipolar 
ones. Both differences could be explained 
by baseline instability. Bipolar amplitude or 
area are highly dependent on M U  depth and 
position (Roeleveld et al., 1997b). Therefore, 
monopolar amplitude is a preferable indicator 
of M U  size: reasonably reliable and with good 
correlation to invasive EMG (Roeleveld et al., 
1997a).
There is considerably more disagreement 
in amplitude in the first step of analysis. 
However, with only a slight bias of around 
-5% of the overall mean monopolar amplitude
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clustering alone could be suitable approach. 
When attempting to measure mean MUAP 
amplitude in a group of subjects with a given 
accuracy, one could either increase the sample 
size or could improve the individual MUAP 
measurement. The incomplete decomposition 
(A1, B1) is relatively fast, so that more measu­
rements with less accurate analysis could be 
an option. However, an incomplete decom­
position approach is only valid if our limits 
of agreement can be generalized. As stated 
above, matching spike trains requires relati­
vely complete decomposition and is not easily 
applied to many of the spike trains in the A1/ 
B1 dataset. In these cases firing pattern and 
MUAP agreement cannot be defined.
Another complicating factor in estimating 
clustering reliability is the subjectivity of this 
analysis step. The operator can select a parti­
cular dataset or consider the data as not suitable 
for decomposition. He or she is free to adjust 
the clustering parameters to improve the result 
(see Fig. 2-3). During the learning phase both 
operators tended to accept relatively inaccurate 
clustering results. Only with knowledge of full 
decompositions this becomes clear. They then 
went back to the previous step and adjusted 
the parameters. It is possible that MUAP 
agreement becomes worse without experience 
in full decomposition and visualization of 
firing patterns.
In summary we conclude that full decom­
position of HD-sEMG results in highly reli­
able MUAP amplitude measurements. Partial 
decomposition can still give reasonable relia­
bility with a slight bias, provided the operator 
could decompose that particular signal.
In some subjects no or only one M U  could be 
obtained. The force level that yielded a decom­
posable surface EMG was only 1% M VC in 
most cases and below 5% M VC in all cases. 
This was lower than we had expected, based 
on earlier incomplete decomposition analysis 
(A1) of recordings from the quadriceps muscle 
(Drost et al., 2004). W ith this finding in
mind we looked at some of the recordings 
again. It is likely that when using the know­
ledge of the MUAPs detected at low force a 
few more MUAPs might be decomposable. 
However, the improvement in force level is 
likely to be very modest with the HD-sEMG 
measurements and software presented here. 
In some cases, we also looked at Laplacian 
filtered EMG (Disselhorst-Klug et al., 1997; 
Disselhorst-Klug et al., 1999; Hogrel, 2003), 
without obtaining better results.
Does our result differ from previous attempts 
in HD-sEMG decomposition? In the analysis 
of M U  firing patterns from the biceps brachii 
muscle in healthy subjects and patients with 
Parkinson’s disease we could analyze a similar 
number of MUs (Kleine et al., 2000; Kleine et 
al., 2001). In another study, HD-sEMG was 
recorded with the same electrode grid from 
the quadriceps muscle and the force level and 
the number of MUAPs analyzed per patient 
was higher (Drost et al., 2004). In the latter 
study, requirements for accepting a MUAP 
were more liberal and full decomposition was 
not demanded. It is likely that in some cases 
clusters of firings were accepted without esta­
blishing that they were recorded from the same 
MU. The mean area of the MUAP was higher 
in this study; which could be attributed to 
a higher force level or with superposition of 
MUAPs.
Decomposition results from higher force levels 
have been presented for facial muscles (Lapatki 
et al., 2006), and recently combined needle 
and surface recordings in a single subject has 
confirmed accuracy (De Luca et al., 2006). 
Accurate decomposition of Laplacian filtered 
surface EMG has been presented by Hogrel 
(2003), but as in our series not in every healthy 
subject decomposable signals were obtained. 
Gazzoni et al. (2004) present high force 
decomposition from a paraplegic patient, but 
the clinical data do not indicate whether signi­
ficant M U  loss and reinnervation were present. 
The low and variable yield implies that decom­
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position of HD-sEMG from the lateral vastus 
as presented here is difficult in normals. It 
remains to be tested whether muscles with 
different M U  fibre or subcutaneous anatomy 
are more suitable for this type of analysis. 
Improved recording methods with a even 
higher electrode density (Lapatki et al., 2004), 
spatial interpolation or adaptive spatial filte­
ring (Ostlund et al., 2004) could contribute to
a more discriminative recording.
In conclusion we have shown that decomposi­
tion of HD-sEMG is highly reliable between 
operators in MUs with complete firing 
patterns. W ith the presented algorithm accu­
rate decomposition remains restricted to low 
force levels. Incomplete decomposition results 
in a small, but significant bias toward lower 
M U  amplitude and area.
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Fasciculation potentials (FPs) are observed in healthy individuals, but also in patients with neurogenic disorders. The exact site of origin and the clinical relevance in distin­
guishing, for example, ALS from other neurogenic diseases based on specific characteristics 
of the FPs is still a matter of debate and needs further exploration.
This report describes the use of high-density surface EMG (HD-sEMG), with multiple 
electrodes in a compact grid to noninvasively record FPs. The technique provides both 
temporal and spatial information of fasciculations. Examples of the FPs of a patient diag­
nosed with amyotrophic lateral sclerosis (ALS) are presented. FPs are shown in different 
electrode montages and the unique spatial characteristics of different FPs are presented. 
During a 30-second recording, 137 FPs were detected. After decomposition these FPs 
could be assigned to 11 different underlying sources.
It is concluded that HD-sEMG, both because of its non-invasive character and the unique 
spatiotemporal information, is very suitable to examine fasciculations. It allows long recor­
ding times and provides quantitative information. This electrophysiologic tool is expected 
to expand the existing knowledge of FP properties.
Introduction
In various neuromuscular disorders, abnormal 
spontaneous activity of (groups of) muscle 
fibres can be observed. Concentric or mono­
polar needle electromyography can show 
positive sharp waves, fibrillation potentials, 
complex repetitive discharges, myotonic 
discharges, and FPs. An FP is an action poten­
tial, which is often associated with a visible 
fasciculation. It has the configuration of a 
motor unit action potential (MUAP) but 
occurs spontaneously (AAEM, 2001). If  FPs 
are generated in superficial muscle layers they 
cause the visible twitches. In the present study 
we will elaborate on FPs.
The physiologic mechanism of fasciculations 
and their site(s) of origin have been contro­
versial topics, and to date neither has been 
well established (Desai and Swash, 1997). 
Thus far, in most peripheral neuromuscular 
disorders the evidence points toward a distal 
site in the axon as their source (Bostock et al., 
1995; Layzer, 1994). In ALS, besides this site 
a proximal and even supraspinal origin for 
various FPs has been postulated (Mills, 1995; 
Norris, Jr., 1965; Wettstein, 1979).
The occurrence of FPs does not always indi­
cate pathology because it is also observed in 
healthy individuals (Mitsikostas et al., 1998; 
Van der Heijden et al., 1994). Their clinical 
significance to differentiate between health 
and disease should hence be interpreted in 
the light of the company they keep, i.e., fibril­
lations, positive sharp waves, or enlarged 
MUAPs (Dumitru et al., 2002).
In ALS, FPs are hallmarks of the widespread 
involvement of motor neurons. Here, their 
clinical importance is stressed by the fact 
that neurologists do not feel confident in 
diagnosing the condition in patients lacking 
these fasciculations (Li et al., 1986). Various 
attempts have been made to distinguish ALS 
from other neurogenic disorders based on the 
diverse characteristics of FPs (de Carvalho 
and Swash, 1998; Janko et al., 1989; Norris, 
Jr., 1965; Wettstein, 1979). Although closer 
analyses of the morphology of the separate FPs 
appeared not to facilitate the diagnosis of ALS, 
two consecutive FPs, defined as two consecu­
tive differently shaped FPs lacking a baseline 
between them, were claimed to be pathogno­
monic findings in ALS (Shiga et al., 2000). In 
sum, an accurate delineation of FPs requires
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sophisticated techniques and intricate analyses 
while the diagnostic value of their properties is 
still ambiguous (Desai and Swash, 1997). 
Although a quantitative evaluation of FPs 
seems relevant to improve their diagnostic 
value, standard needle examinations may 
not provide optimal information. The small 
sampling volume limits the recordings from 
a single concentric or monopolar electrode 
whereas the use of a multineedle electrode or 
multiple-needle insertions is not an accep­
table alternative. Previous studies using surface 
EMG recordings demonstrated that bipolar 
surface EM G is a highly sensitive method to 
determine the frequency of fasciculations in 
different parts of the body (Hjorth et al., 1973; 
Howard and Murray, 1992; Van der Heijden 
et al., 1994). More advanced multichannel 
surface EMG techniques are exploited to study 
the spatiotemporal aspects of motor units 
(MUs) and whole muscle activity (Masuda 
and Sadoyama, 1988; Merletti et al., 1999; 
Stegeman et al., 2000). To our knowledge, 
multichannel techniques have not been used 
to explore the distinguishing qualities of FPs. 
We present the results of a study of FPs for 
which we used HD-sEMG. Via a two-dimensi­
onal array of recording electrodes, HD-sEMG 
allows the simultaneous measurement of elec­
trical potential fields evoked by active MUs 
through the intact skin, providing simulta­
neous information about their temporal and 
spatial dynamics (Blok et al., 2002; Stegeman 
et al., 2000; Zwarts and Stegeman, 2003). In a 
previous study in patients with postpoliomye­
litis syndrome we demonstrated that the tech­
nique proved sufficiently sensitive to detect 
the increase of M U  size resulting from rein­
nervation (Drost et al., 2004). In the present 
short report, we describe the application of 
HD-sEMG to record FPs in an ALS patient, 
present various unique FP features inacces­
sible with other techniques, and illustrate the 
potential of HD-sEMG in the examination of 
FPs.
Methods
The participant in our study was a male patient 
with sporadic ALS who at the time of testing 
was diagnosed as definite ALS according to 
the El Escorial criteria (Brooks, 1994). The 
patient was selected for the study because clini­
cally he had abundant fasciculations in almost 
all skeletal muscles in both arms and legs, 
including the left brachial biceps muscle. All 
measurements were performed on the latter 
muscle. The patient was seated in a chair with 
the arm supported at the elbow and the wrist. 
The upper arm was kept in 90-degree abduc­
tion, the elbow in 120-degree flexion and the 
wrist in a zero position. The patient was asked 
to keep his arm as relaxed as possible, in aid 
of which he was presented with visual EMG 
feedback. The data were obtained during a 
30-second recording.
The Medical Ethics Committee of the 
Radboud University Nijmegen Medical 
Centre approved the study and the participant 
gave his informed consent before the trial.
High-density surface EMG acquisition
Measurements with HD-sEMG were 
performed with a two-dimensional electrode 
(Blok et al., 2002). The 130 gold-coated elec­
trodes, of 1.5 mm diameter, were mounted 
directly onto a specially designed flexible 
printed circuit board. Electrodes were arranged 
in a 10 X 13 rectangular matrix with a 5-mm 
interelectrode distance in both directions. 
Signals were recorded monopolarly with a 
reference electrode on the olecranon. The elec­
trode grid was carefully placed over the biceps 
brachii muscle with the 10 columns parallel to 
the muscle fibres. The monopolar signals were 
amplified, bandpass filtered (3—400 Hz), and 
simultaneously A/D converted, at a rate of 
2000 samples/s/channel with 16-bit resolution 
at 0.5 (iV/bit. The data were stored on a PC for 
offline analysis.
Both monopolar and bipolar montages can
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be displayed. A monopolar montage has a 
substantial larger field of view mainly caused 
by the nonpropagating elements of deeper 
lying MUAPs(Stegeman etal.,1997). As will 
be shnwe,a column or apttn of chwonelocan 
be selectedfoo onlme emnoopolerog H p o ^ ) 
visualization. Bipolar montages are obtained by 
subtracting the monopolar signals measured at 
two adjacent electrodes in fibre direction along 
the fnme column, which reducesthenumber 
of cgenoels mthoaolumn e .  one. Differences 
in tho ^e t spariP properties (e.g., inoste and 
positionO roc u)ttn seatlib differencas interfaca 
FPs.Condequently,eaehFP is assumed togate 
its own specific toatlotnmegstlpetleniafreLe 
skin.
HighifiOi^^eiteturfe^r^n^eeO  ^decomposition
For the detailed analysis of the FPs’ spatial
A monopolar
FP1 FP2 FP3 FP4 FP4
fibre direction
distribution, we ueed 0971s HD-i UMG  decom­
position algorithm described in Chapter 2. 
The result of decomposition is a classification 
o .M U A . or Fp teaaeformandall oheit .ring 
mementf (^ashu^ b0as). The difference 
betevcen ttirface- and needle-EMG decompo­
sition is the use of spatial information repre­
sented in multiple channels in HD-sEMG 
(Chapter 2). By definition, FPs fire irregu- 
laclyend their classification hce horely solely 
on wavgfoam morphotouy, wheoeas on M U 
decompotieion elfoknewu oenstreinls with 
I'useest to firm . paetemi d t  tie ured. In 
dgort, ccd apalied the foliohing oteps. hirst, 
e (clc9tiop of b ip o li sfg^ats w e sm So and 
tmedetectlon ^S^e ;^^hc l^i:Sw;i>^bi^t^^Uy sot at
f.03 mV. The poakn^^^^t^oo^ eae e^snoi^med 
on all channels, but only the highest peak was 
accepted. Effectively, this aligns all FPs to the
B bipolar
FP1 FP2 FP4 FP4
V-------- — -— ----— ---
-W,  ^
dt
__ I 0.4rnV
50 ee
FIGURE 4-1. Exemgleb of HD-eEMG dete ie e m9e9g9lel moe]ege (a) end ])e beme 
d a ta ira  bipotatrnottege (El). Tee inset 9chem9t¡gally ehows thiia ro°e urid wiA rts 
( 30 gleufrodos. T .e  colamn onA n gr^ frem  which )oa FPtworo recorded. s indi catedby 
ttlo<7í l^ f^:rí^c; :^teg (^(. le eomtnrnputef oe  ntage, fite  OPe a^^dis f^ l^9l^e^d (bF3e w a t rocordnO 
tw ¡ce l.ln th e b i9olnr m99tg9e, only ttieprooagFtieg elements o lA e  aienol ora loft over 
ThfOlack do le indicate fee motglendulate ooneool theFPe Stom where Ao F ftp to p a - 
gote trnward Ao tenorA Psln, do lhnd¡steoce b a ttle n  Ao lllc t(gU esr the mastio 
fiOre co neurntion vulocitycan b i ls]¡matoOl In th i Olpolormonrael, VP3 laíA vlmost toe 
terno weotfolm ie ell m9e9g9lel vneeetlu aiueggoeru.
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highest peak and removes double detection. 
Subsequently, 10-millisecond signal segments 
around the highest peak were submitted to a 
cluster analysis. An arbitrary number of 15 
clusters were formed. After visualization of 
the superimposed signal segments, the clusters 
were merged or split until the within-cluster 
variation was lower than the between-clusters 
variation. To obtain the position of the M U  
that generates a FP, the distance-amplitude 
relationship was used. According to Roeleveld 
et al. (1997a) the peak-to-peak amplitude of a 
bipolar action potential decreases with a power 
of two with distance. A numeric evaluation of 
this relation was used. A grid with a resolution 
of 0.5 mm was put over the cross section of 
a simulated muscle. The diameter of the arm 
was assumed to be 8 cm. For each grid point, 
the predicted potential distribution on the 10 
pairs of surface electrodes was calculated from 
the distance to the electrodes. The position 
that minimized the sum of squared residuals 
is assumed to represent the likeliest position of 
the M U  centre.
Results
The HD-sEMG affords aneooF rocoldin9 
of the patient’s FPs. The visualteoUbtcPtlle 
patient received to promote 9elsantion ottp9 
arm helped avoid potentiel mterfnrence oh 
continuously discharging MUe.AltPough the 
FPs consistently had configurations similar 
to those of the MUAPs, they could easily be 
distinguished based on their )rrlgel9-fLring 
patterns that contrasted the MUAPs’ ¡epular 
firing patterns. The typical rectedmg illustrated 
in Fig. 4-1 shows the spatietompftp byna- 
mics of four different FPs. Thf tree montaed 
display different spatiotemporal properties. 
The monopolar montage (Fig. 4-1A) shows 
five FPs recorded from all ¡3 4leterodo ol^ ti- 
tions. The morphology of tbewanofErM in 
slightly different in each chaguel.
FP1 FP2 FP4 FP4
50 ms
■*--------- ►
Fiber direction
FIGURE 4-2. Tte aigolel OFu u(owc ie Oie. 4-1B 
cow Oingl-yea ie e rnoei-ee pelpeeaivslel to fto 
fibre Oilecíioe. Tte ieuef u( owu 7ao volarneu be- 
veaue ite bigole! rnoei-ee iu eKa-yu e uabílecíioe 
of OFu ie fibre Oileviioe. Note ttet wì]( ttiu rnoe- 
í-ee tte OFu cue be eerily aiffeleetietea Ose to 
tteil emplitsae diutlibatioe.
D to to lhas  Mgher t pariclscloclin((y, lhe )0 
(13-l)bip9lcr s^n^s (Pig. )^-mi ^e  e se ltA  f 
lee Fnreparotionl The F Pwavetosmr beœme 
soMter. The p ha t^; rendrai of tOe FPtm9icater 
enc^p)atB zove oesitions (beec-dalet. The FP- 
travel from the motor endplate zone toward 
the tendon and the time delay (dt) can be used 
teostimote die meau mrnok fibriconduetiob 
velocity of the MU. The different FPs also vary 
in amplitude (peP;:-to-]peakamplitudes up to 
t.b mV). B rnO on ake girlimiWwcv7formt 
æ d  ^jfatib vsaeo^tifr, such a(the  dlffireet 
endplate zones, the FPs can already be sepa­
rated fairly well. Note that the FPs with almost 
dirsame waveform in all monopolar channels 
will thsep^rn in ab lpol9f mo9lage (ePp). 
eigure4-O psesenltc7onfL907atitn pa-eenti-
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FIGURE 4-3. Both panel A and B represent the superposition of two FPs across the 
entire electrode grid. They illustrate the unique two-dimensional spatial pattern of the 
bipolar FPs. Panel A shows that the two displayed FPs are identical. The inset depicts an 
enlarged detail of the FPs of electrodes perpendicular to the fibre direction. The arrow in 
panel B indicates the column in which the FP signals are almost identical. The magnifica­
tion indicates that the montage perpendicular to the fibre direction clearly shows wave 
differences and thus two different FPs.
cular to thu fibre direction (“row” direction, 
see insa^. Thebipoi^e aub trsc tiono f FPs was 
performed in ^ tíe b o u  direction, o h e e  Pii dan 
be differentiated more robustly because their 
position, size and depth affected the amplitude 
distribution especially in this direction (Fig.
4-2). Three different FPs can be discerned and 
FP4 was recorded twice.
Using the EM G inform ation from all elec­
trodes o f the grid, a unique two-dimensional 
spatial pattern of each FP is obtained as a func­
tion o f time, examples of which are depicted 
in Fig. 4-3. Panel A shows the superposition 
of the spatiotemporal pattern o f two FPs both 
indicated with FP4 in Fig. 4-1. These FPs 
show exactly the same spatial distribution of
thh po ten tia l,im d  tnurefore hhey m ubtorise 
from thesam e o ro u p o f muscSe fibrea. efoother 
spntial poftern oO ovo suuerimL0ose0 FPn is 
géven in Fea- 4-eB. sn hhe hblbmn indeeded 
w ith the arrow, the FPs have almost identical 
waveforms. From the FPs’ spatiotemporal 
differences across the grid as a whole (panel 
B) it is evident that we are dealing with two 
different FPs. This illustrates that electrodes 
perpendicular to the muscle fibre direction 
have to be included in the differentiation of 
FPs.
Consecutive FPs, according to the definition 
of Shiga et al. (2000), m ust also have diffe­
rent spatiotemporal characteristics. Figure 4-4 
shows an example of such a complex waveform
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A B C
FIGURE 4-4. Example of a coasecutive FP aairat thtee different electrode configara- 
tiona. Faeel A ahoca a complex chvsdocm dcom the docrth eolcme. le paesi B, the rams 
(Jateare (^sp^edim  anothav column. Hete two propcgati ne pp sa re  vívíIs^  ^ wit0 Ae 
eapf^ la^ (0 zeneppertieo bmKveen br^ tlo thofaurth a nei Aa fifth e |ecC(t^^. ^w opertiho 
po^'gedictCere ontagedemopstrated(C)clevr spotialO¡ffvtvncdv, illcptrnti4g tcm feia 
ovusecut¡vv FPconfiauratioh otig¡nvtnsrromrwh different PPs.
A B C
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FIGURE 4-5. Aeatomie propvrtiva od the tco Feoeavective) FFa ahoce ie Fif. 4-4C. The 
eirele cith a diameter od 8 em aymeolizea a eroaa-aeetioe throcah the cpper arm. The 10 
eleetrode poaitioeacith 5 mm ietereleetrode Oiatheee ie the medial to lateral Oireetioe are 
marked by a dot. le parta A aed B the bipolar FF ia acperimpoaed oe the eorreapoedieu 
eleetrode poaitioe. le C, the eatimated midpoiet od the cederlyief MU ia iedieated aloef 
cith a eirele that aymeolihea a MU territory cith a diameter od 1 em. Note that the MU 
territoriea do eot overlap, i.e., the FFa eaeeot be explaieed by parta od the aame MU that 
areaetivated ie aceeeaaioe.
(panel A) m  diF fourth cotamn s0 t ta g r id .  
Examination of a neighbouring column (panel 
B) and a view perpendicular (panel C) to the 
muscle fibres clearly reveals that these are 
indeed two consecutive FPs with two different
spam ^distributions. F^urea 4-vA and 4-5B 
show a schematic cross section through the 
upper arm with the electrodes indicated. The 
two FPs of Fig. 4C have been superimposed 
onto this simple anatomic model. Given the
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known relationship between amplitude and 
distance (Roeleveld et al., 1997a) the centre of 
the M U  was estimated as given in Fig. 4-5C. 
Note the clear spatial separation of the elec­
trical sources.
The result o f semiautomatic peak detection 
and vam autom atic elust4gino is ^ o w n m  
Fig. 4-6. One row perpendicular to the fibre 
direction has been selected by visual inspec­
tion (row 8). In total, 137 peaks exceeded a 
threshold o f 0.03 mV. Clustering resulted in 
11 different FP waveforms. These different FP 
morphologies reoccurred between 2 and 32 
times (numbers below the column) within 30 
seconds. In two clusters, two consecutive FPs 
were recorded (indicated grey). The potentials
in the seventh column are also shown in Fig.
4-4.
D te c u ro io n
Ths currant ^ d y ^ m ^  thae FPs caneesily 
be obtained and analysed using HD-sEM G. 
An advantage o f H D -sEM G  is that not only 
temporal, but also spatial information o f FPs 
can be acquired. The FP’s spatial information 
shows its distribution over the muscle. Like 
voluntarily activated MUAPs, FPs conduct 
along the muscle fibres, from the m otor 
endplate zone toward the tendon (Fig. 4-1B). 
In H D -sEM G  recordings, the FPs spatial
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profiles have the same configuration as the 
MUAPs profiles.
The technique additionally allows offline 
montage changes. Compared with a bipolar 
montage, more FPs can be identified with a 
m onopolar montage because it affords a deeper 
“look” into the muscle. Because these FPs not 
always have a clear propagation characteristic 
at the skin surface across the various channels, 
they can easily be missed in a bipolar montage 
(FP3 in Fig. 4-1). However, because of their 
spatial features and the shortening of the wave­
forms, FPs can more easily be differentiated in 
a bipolar montage. The montage perpendicular 
to the muscle fibres reveals amplitude-distribu­
tion information about the FPs’ position, size, 
and depth of activity. In MUAPs, this property 
was previously revealed by Roeleveld et al. 
(1997b).
The unique spatiotemporal characteristics of 
FPs across all channels, as illustrated in Fig. 
4-3, yield extensive FP characterization. O n 
one channel, the FP configuration o f different 
FPs can be identical; moreover this may even 
occur in one column (panel 3B, 4B). Along 
the medial to lateral direction o f the electrode 
grid, the potential amplitude is defined by the 
distance of the M U  relative to the recording 
electrode. From this relationship we have esti­
mated the position of the MUs as shown in 
Fig. 4-5. It is im portant to note that all muscle 
fibers belonging to a M U  are usually within a 
territory of 1 cm in diameter. Even in neuro­
genic diseases the M U  territory, as assessed 
with scanning EM G, is within normal limits 
(Gootzen et al., 1992). This maximum M U  
diameter o f 1 cm is plotted in Fig. 4-5C to 
demonstrate that the two M U  territories do 
no t overlap. Thus, the two consecutive FPs 
(Fig. 4-4B) must have different MUs as their 
origin. N ot only the depth o f the M U  bu t also 
the size of a M U  determine the amplitude. 
The depth of both MUs in Fig. 4-5C is about 
7 m m  in both cases, so the amplitude diffe­
rence between Fig. 5A and 5B points to a size
difference of factor two. The 137 FPs identi­
fied in this study could be assigned to 11 diffe­
rent electrical sources. Besides their number, 
the characteristics o f individual FPs become 
available. Potentially, H D -sEM G  also offers 
noninvasive access to the FPs’ firing statis­
tics. As mentioned before, H D -sEM G  can 
add new information about FPs, for example 
in ALS. Especially because FPs are responsive 
to medication - e.g., cholinergic drugs can 
induce FPs (Masland and W igton, 1946) and 
spinal anaesthesia can abolish 50% to 60% of 
fasciculations in ALS (Swank and Price, 1943)
- H D -sEM G  may be useful in medication 
studies in ALS.
As mentioned above, Shiga et al. claimed that 
two consecutive FPs with different M U  origins 
are an electromyographically pathognomonic 
finding in ALS (Shiga et al., 2000). In the ALS 
patient in our study, 2 o f the 137 FPs proved 
consecutive. Statistically, however, this may 
be explained as a coincidental finding. Before 
accepting these FPs as a diagnostic marker of 
ALS, it is necessary to correct for the statistical 
chance of coincident firing. Such rigid cross­
correlation analysis requires huge numbers of 
accurately classified FPs to reach a significance 
level. The hypothesis o f Shiga et al. could be 
tested if long-duration H D -sEM G  recordings 
yield a sufficient num ber of events.
Previous studies showed that needle or 
H D -sEM G  recordings reveal considerably 
more fasciculations than mere visual inspec­
tion (H jorth et al., 1973; Howard and Murray, 
1992), and subsequently demonstrated that 
multilead surface recordings of different 
muscles simultaneously provide a highly sensi­
tive m ethod to determine the frequency and 
anatomic distribution of fasciculations. The 
recording of fasciculations with needle exami­
nation is limited by the spatial information 
obtained, and recordings typically sample 
a volume of only a few cubic millimetres. 
Evidently, H D -sEM G  is a more sensitive tech­
nique that will detect and delineate more FPs.
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Yet, compared with needle EMG, HD -sEM G  
has principle disadvantages resulting from 
the electrodes’ greater distance to the muscle 
fibres. Surface EMG, for instance, cannot 
provide inform ation about “spontaneous” acti­
vity at the muscle fibre level such as fibrilla­
tion potentials and positive spikes. However, 
H D -sEM G  has the benefit o f being noninva­
sive thus affording longer stable registrations. 
This is of special significance for FPs because 
the discharge intervals of individual units are
known to vary from a few milliseconds to more 
than a m inute (Howard and Murray, 1992).
In conclusion, H D -sEM G  allows for easy 
recording of FPs and provides both spatial and 
temporal inform ation about these involuntary 
contractions of (parts of) the M U. Moreover, 
the noninvasive character of the technique 
permits longer recording times, which yields 
quantitative inform ation that can further our 
understanding of FPs.

Part II
Fasciculation potentials in 
ALS and ALS-mimics

Chapter 5
Firing pattern of fasciculations in ALS 
Evidence for axonal and neuronal origin
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In amyotrophic lateral sclerosis (ALS), the origin of fasciculations is disputed. We hypo­thesized that the discharge pattern of fasciculation potentials (FPs) would be different 
for FPs arising in the motor axon or in the spinal motor neuron.
FPs were recorded by high-density surface EMG (HD-sEMG) of the biceps brachii or 
vastus lateralis muscle for 15 minutes in 10 patients with ALS. Records were decomposed 
into different FP waveforms and their firing moments. Interspike interval (ISI) histograms 
were constructed for FPs that fired more than 100 times.
Two types of ISI histograms were found. 1) In 23 of 30 different FPs with a total of 8,597 
ISIs, the refractory period was 3 to 4 ms. ISIs longer than 15 ms had a Poisson distribution. 
Five of these 23 FPs discharged doublets with an ISI of approximately 5 ms, indicative of 
supernormality. This is consistent with the FPs arising in motor axons. 2) In the other 7 
FPs, accounting for 11,266 ISIs, the refractory period was 17 to 46 ms. The preferred ISI 
duration was around 80 ms. Both timing factors are consistent with origin in the spinal 
motor neuron.
Firing pattern analysis, based on HD-sEMG, can detect FPs of axonal and neuronal origin 
in amyotrophic lateral sclerosis. The two FP types coexist within the same muscle. The 
recognition that clinically identical fasciculations conceal the existence of two types of FP 
that can be studied in a noninvasive manner will introduce a new aspect in the research of 
motor neuron disease.
Introduction
Fasciculations, a clinical hallmark of ALS, are 
defined as random, spontaneous twitchings of 
a group of muscle fibers belonging to a single 
m otor unit (AAEM, 2001). Superficial fasci­
culations are visible through the skin; deeper 
ones can be detected by palpation, ultrasound 
imaging, or surface EM G (Mateen et al., 
2007; Scheel et al., 1997). Joint movement 
of fingers or toes can occur if m otor units 
(MU) are enlarged as a result of reinnervation. 
Fasciculations are often described as irregular 
with respect to both their firing pattern and 
the site o f visible muscle activation. After the 
introduction of concentric needle EMG, FPs 
were described as abnormal M U  discharges and 
differentiated them from fibrillation potentials 
(Denny-Brown and Pennybacker, 1938). An 
FP is defined as the electrical activity associ­
ated with a fasciculation and has the confi­
guration of a M U  action potential (MUAP) 
but occurs spontaneously (AAEM, 2001).
This means that an FP is distinguished from a 
voluntarily recruited MUAP solely by its firing 
pattern. During voluntary movement, MUs 
discharge in trains. The lowest possible firing 
rate is usually between 5 and 8/second, but can 
differ between muscles. FPs can be detected 
in many diseases of the m otor neuron or the 
peripheral nerve, but also in healthy subjects 
(Scheel et al., 1997; Van der Heijden et al., 
1994). This is why fasciculations play only a 
m inor role in the diagnostic criteria (Brooks, 
1994). Nevertheless, widespread fasciculations 
prom pt a high index of suspicion, especially 
because recently FPs were docum ented as the 
only finding in early ALS (de Carvalho and 
Swash, 2004).
Fasciculations have been shown to arise 
distally or proximally in the m otor axon. This 
was demonstrated by the observation that FPs 
were still present immediately after cutting 
the nerve, and by collision and F-wave experi­
ments (Forster and Alpers, 1944; Roth, 1982; 
Roth, 1984).
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Already in their original description of FPs, 
Denny-Brown and Pennybacker (1938) 
proposed that fasciculations originated within 
the m otor neuron itself, because the sporadic 
discharge o f an FP changed into the regular 
pattern o f M U  activity. A central origin o f FPs 
in ALS is supported by more recent findings. 
A t least some FPs can be recruited voluntarily 
and by transcranial magnetic stimulation (de 
Carvalho et al., 2000; Mills, 1995). In parti­
cular in early ALS, fasciculations are related 
to cortical hyperexcitability (Mills and Nithi,
1997). Another observation suggestive o f a 
spinal or supraspinal origin is the synchrony 
between FP discharges (Norris, Jr., 1965). 
Although no cross-correlation analysis has 
been performed, FPs with different m orpho­
logy were claimed to discharge simultane­
ously more often than expected in ALS, but 
no t in Kennedy disease (Hirota et al., 2000). 
Short-term synchrony between MUs requires 
a com mon synaptic input, e.g., from the corti­
cospinal tract (Farmer et al., 1997).
Taken together, we hypothesized that two 
distinct populations of fasciculations (and 
hence of FPs) exist in ALS, namely, peripheral 
fasciculations arising from membrane instabi­
lity in m otor axons and central fasciculations 
arising in low-threshold m otor neurons that 
are accidentally recruited by a hyperexcitable 
corticospinal system or that are hyperexcitable 
themselves. Because the membrane properties 
at these different sites are dissimilar, we suggest 
that the discharge patterns differ between the 
two populations of FPs.
From the discharge moments of a particular 
M U  or FP, the distribution of interspike inter­
vals (ISIs) can be determined. The ISI distri­
bution is related to the membrane potential 
characteristics underlying the generation 
o f the spikes (Awiszus, 1997). This means 
that the dynamics of the membrane currents 
that generate the discharges can be deduced 
(Matthews, 1996). The probability of an action 
potential discharge depends on how close the
membrane potential is to the threshold poten­
tial. FPs generated by axons can have short 
ISIs because the axonal membrane recovers its 
excitability within a few milliseconds, whereas 
FPs generated by spinal m otor neurons must 
have longer minimal ISIs, because m otor 
neurons become hyperpolarized after dischar­
ging an action potential (Powers et al., 2002). 
Therefore, ISI histograms reflect the time 
course of the membrane potential at the site 
of generation.
To count ISIs, long-duration recordings and 
accurate discrimination of FP waveforms are 
required. Surface EM G has been used for 
recordings of up to 20 minutes (H jorth et 
al., 1973; Van der Heijden et al., 1994). For 
technical reasons, analysis was restricted to the 
overall occurrence of FPs. Accurate discrimina­
tion of FPs is possible with needle electrodes, 
but it is difficult to obtain long and stable 
recordings of a sufficient num ber of FPs. We 
decided to use H D -sEM G  to record FPs in 
patients with ALS (Blok et al., 2002; Drost et 
al., 2006). The multielectrode grid provides a 
spatial resolution sufficient to differentiate FPs 
arising in the same muscle but from different 
MUs (Chapter 4). Using the decomposition 
m ethod described in chapter 2, we monitored 
the spontaneous firing of FPs for 15 minutes.
Methods
Patients
Subjects referred to our outpatient department 
for evaluation of suspected m otor neuron 
disease were included if fasciculations in either 
a biceps brachii muscle or a quadriceps muscle 
were visible. Only data from patients with a 
sufficient num ber of FPs (see below) and with 
ALS confirmed on follow-up were included 
in this analysis. Ten patients aged 40 to 84 
years (mean 62 years) w ith symptoms attri­
butable to m otor neuron disease for 6 to 60 
months (mean 31 months) were included.
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At the time of the surface EM G recording, 
patients fulfilled the revised El Escorial criteria 
(Brooks et al., 2000) for probable (3), probable 
laboratory supported (4), or definite (3) ALS. 
Patients gave informed consent to participate 
in the study. The protocol was approved by the 
local ethics committee.
High-density surface EMG recording
The H D -sEM G  recording system described 
earlier was used to record muscle activity. 
Electrodes were arranged in a 10 x 13 rectan­
gular matrix with an interelectrode distance of 
5 mm  (Blok et al., 2002). The grid was placed 
over the belly of the biceps brachii muscle 
(seven patients) or the lateral vastus muscle 
(three patients), parallel to the muscle fibres. 
The monopolar EM G signals, each referenced 
to the olecranon or to the patella, were ampli­
fied, band-pass filtered (3 to 400 Hz), analog­
digital converted with a resolution 0.5 ^V /bit 
at a rate o f2,000 samples/second/channel, and 
stored on the hard disk of a personal computer 
for off-line processing.
During EM G recording, the subject was sitting 
with the arm or leg supported. He or she was 
asked to relax completely, and visual feedback 
on the EM G (bipolar derivation, 0.1 mV/div, 
100 ms/div) was given to aid relaxation. Short 
periods with voluntary contractions were iden­
tified visually and were excluded from analysis. 
The duration of data acquisition was set to 15 
minutes, which was a compromise between a 
sufficient num ber of discharge events, patient 
comfort, and processing time.
EMG decomposition
To identify FPs, the EM G signal had to be 
decomposed into the underlying action poten­
tial waveforms and their discharge times. A  
reliable algorithm for M U  decomposition (see 
Chapters 2 and 3) was adapted for long-dura- 
tion recordings and for discrimination o f diffe­
rent FPs (Chapter 4). In short, the signal was 
spatially filtered by making a bipolar montage
and high-pass filtered at 15 Hz to remove 
movement artefacts. After action potentials 
were clustered semi-automatically according 
to their spatial properties, templates were 
constructed and used for template matching. 
The result o f automatic full decomposition was 
checked visually for all firing events. Trains of 
voluntarily recruited low-threshold MUAPs 
are easily identified, and were removed. 
Superposition o f several FPs was resolved by 
the use spatial inform ation from multiple 
channels in the same way as in M U  potentials. 
The overall discharge rate of FPs is low, so that 
the superpositions were less complex than, e.g., 
in some voluntary contractions or in neuro­
myotonia (Chapter 6). Thus, the decompo­
sition procedure enables identification of the 
firing patterns of the different simultaneously 
active action potential waveforms, defined as 
the points in time when they occurred.
Firing pattern analysis
From the firing times of each FP, the ISI dura­
tion was calculated as the time (in millise­
conds) between two subsequent discharges. ISI 
histograms were compiled with a bin width of 
5 ms. Only FPs with more than 100 discharges 
were accepted for further analysis. To check 
for serial correlation between firings, jo in t ISI 
plots were generated by plotting the ISI dura­
tion as a function o f the previous ISI (Dengler 
et al., 1986).
The probability to discharge reflects membrane 
excitability, i.e., distance to threshold. The 
instantaneous probability of a spike, as a 
function of time since the preceding spike, 
can be expressed as ISI death rate plot. This 
is also known as death rate function, hazard 
function, or conditional probability.28,29 In 
contrast to simple descriptive ISI statistics that 
cannot be interpreted in terms of underlying 
physiology, the death rate plot reflects the 
time course of the membrane potential after 
a spike (Moore et al., 1966; Powers et al.,
2002). Commonly, the death rate is defined as
7 0  I Chapter 5
0.2 mV
100 ms
FIGURE 5-1. Example of a HD-sEMG recording. Each channel gives the bipolar signal 
from two adjacent (in proximal-distal direction) electrodes with 5 mm interelectrode dis­
tance. The 10 different channels are separated by 5 mm in the lateral-to-medial direction 
of the muscle. Four FPs with three different spatiotemporal distributions were recorded in 
1 s. The last two FPs have an identical distribution.
the chance of a discharge within the next time 
interval (usually 5 ms) o f the ISI histogram. 
To make optimal use of the timing informa­
tion, we selected the w idth such that 20 ISIs 
fell into each bin (Awiszus, 1992; Awiszus,
1997). This allows a higher time resolution for 
the more frequently occurring short ISIs. For 
longer intervals, the time resolution decreases, 
bu t noise caused by a low num ber of counts/ 
bin is avoided. The death rate plot as an esti­
mate for the recovery curve of the membrane 
potential has been applied to ISIs from regu­
larly discharging m otor neurons (Gorassini et 
al., 2004). To interpret the death rate in terms 
o f distance to threshold, the membrane must 
be in a steady state w ith a constant threshold 
and a stable noise level (Matthews, 1996). It is 
impossible to verify both assumptions for the 
membrane that generates the fasciculations, 
bu t we assume that even in ALS, the spinal 
m otor neuron does not violate them. We also 
extended the m ethod to the myelinated axon, 
where relevant membrane noise has been
demonstrated (Hales et al., 2004).
Firing pattern analysis based on decomposi­
tion o f FPs is a new technique. Reproducibility 
studies in individual muscles o f a single patient 
have no t been performed, because they are not 
required for the pathophysiologic question 
whether two populations of firing patterns do 
exist. However, to establish whether different 
FPs change their firing pattern over time or 
to establish this m ethod as a diagnostic tool, 
repeated recordings should be performed.
Results
As an example, a small recording segment is 
shown in Fig. 5-1. Four FPs can be distin­
guished. Two of them have the same spatial 
distribution, which means that the waveform 
and amplitude are the same in all bipolar 
channels. The two FPs originate from the same 
M U, and an ISI was calculated.
The ISI distribution of an FP with 1673
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FIGURE 5-2. Firing patterns of two different FPs (A-C and D-F) that were simultaneously 
active in the same recording. The ISI histogram is plotted at two different resolutions (A, 
D and B, E). The upper (axonal type) FP shows increased firing probability around 4.5 ms 
(inset in B). The lower (spinal motor neuron type) FP had a longer refractory period (25 
ms) and maximum firing probability around 70 msec. Note the absence of serial correla­
tion in the joint ISI plot (C, F) for both FPs.
discharges is given in Fig. 5-2, A -C . The ISI 
histogram was constructed with a bin width 
of 5 ms. To evaluate the first peak in more 
detail, the ISI histogram with a bin w idth of 
0.5 ms is shown also as inset in Fig. 5-2B. 
The shortest ISI was 3 ms, indicating that 
the membrane generating the fasciculation 
then had recovered from its refractory period. 
The refractory period was followed by a steep 
increase in firing probability at 4 to 5 ms. The 
num ber of longer ISIs gradually decreased for 
all intervals above 10 ms. In the jo in t ISI plot 
(Fig. 5-2C), no serial correlation was found. 
The pattern of fewer discharges with increa­
sing distance from the origin mirrors the ISI 
histogram. This pattern is compatible with a 
Poisson process (Fitzurka and Tam, 1999). The 
ISI that followed a very short ISI (<10 ms) was 
also not different from the preceding ISI. The
lower part o f Fig. 5-2 (D -F) shows another FP 
with 444 discharges during the same recor­
ding. Here, the refractory period was 25 ms, 
which was followed by high firing probability 
with a peak at 70 ms (Fig. 5-2D and E). For 
ISIs longer than 200 ms, the histogram indi­
cated a constant firing probability. The FP 
fired sometimes in short bursts w ith ISIs of 
approximately 70 ms, but any combination of 
ISIs was possible (Fig. 5-2F).
Diagrams as shown in Fig. 5-2 were generated 
for all FPs separately. Two completely distinct 
discharge patterns were identified. In 7 of 30 
FPs (23%), the refractory period was 25 ms 
or longer and was always accompanied by an 
increased discharge probability at approxima­
tely 100 ms (Fig. 5-2E). In 23 cases (77%), 
FPs had a short refractory period. Five o f these 
units expressed an increased discharge proba-
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FIGURE 5-3. Histograms of pooled ISIs for the two 
types of FPs (A and B). The inset in A shows the 
histogram at a higher time resolution. The ISIs from 
A (C: gray line) and B (C: black line) were sepa­
rately transformed into an interval death rate in 
part C. In both cases, the interval death rate was 
constant from 500 ms onward, as expected for a 
Poisson process. The difference in time courses 
for latencies up to 60 ms is enlarged in the inset.
bility at 5 ms (as in Fig. 5-2B), whereas the 
other 18 units had a flat ISI histogram.
After the FPs were classified according to 
their refractory period into the two different 
patterns, the ISIs o f all FPs in each group were 
pooled. The resulting distribution o f 8,597 
ISIs from the 23 FPs in the first group is shown 
in Fig. 5-3A. Although only 5 of these 23 FPs 
had an increased probability o f short ISIs, a 
peak at 5 ms is clearly visible. The ISI histo­
gram (11,266 ISIs) o f the 7 remaining FPs 
showed a peak at 80 to 85 ms (Fig. 5-3B). The 
shortest ISI was 17.5 ms, and 99% of the ISI 
were 46 ms or longer.
The interval death rate gives the probability 
that the current ISI will “die” within the next 
time bin. Because the death of an ISI is defined 
by discharge of the next spike, this is equiva­
lent to the instantaneous discharge probability. 
In the first group of FPs (Fig. 5-3C, gray line), 
the chance of firing was independent of the 
previous FP, except for the first 10 ms of the ISI. 
This confirms a truly random  Poisson process. 
In the second group (Fig. 5-3C, black), the 
discharge probability was constant, i.e., inde­
pendent o f history from 500 ms onward. For 
the shorter ISIs, the shape of the interval death 
rate function was not essentially different from 
that o f the ISI histogram (Powers et al., 2002).
Discussion
We investigated the firing pattern of FPs in 
patients with ALS, using HD-sEM G . O n the 
basis o f firing pattern inform ation alone, we 
were able to distinguish two distinct types of 
fasciculations. Both types of fasciculations 
could be present in the same muscle. The result 
confirms the hypothesis that fasciculations can 
be generated by the axonal membrane and also 
by the spinal m otor neuron itself.
The ISI histograms were of distinct types, 
implicating that the FPs of a particular M U  are 
driven either from the axon or from the soma.
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If the fasciculation would arise at random  in 
the axonal or neuronal membrane, a mixture 
of the histograms would have been encoun­
tered. Obviously, antidromic action potentials 
can occlude some neuronal discharges, but 
the conditional probability o f collision will 
be too low for a major distortion of the histo­
grams. It is therefore unlikely that two foci 
can exist at the same time. The accuracy of an 
ISI histogram or a death rate plot depends on 
the num ber of firings included in the analysis. 
Regarding a potential selection bias of a parti­
cular type o f fasciculation, it should be realized 
that, understandably, only patients with 
prom inent fasciculations were selected for our 
study. In addition, the cumulative ISI analysis 
shown in Fig. 5-3 is biased in favour of the 
more frequently firing FPs, and infrequently 
fasciculating MUs cannot be classified at all. 
Indeed, we found that a minority of 23%  of 
the FPs had discharges originating in the spinal 
m otor neuron. However, they accounted for 
the majority of the firings that were analyzed. 
Therefore, our study reveals the distinction of 
two basic mechanisms for FP generation but 
does not provide an estimate on the relative 
importance of neuronal and axonal mecha­
nisms on the individual FP discharge level or 
on the individual patient level.
For any excitable membrane, a new action 
potential is discharged when the combination 
of the post-spike potential trajectory and input 
currents reaches the threshold. Under steady 
state conditions, the sum of all inputs can be 
considered as random  noise (Matthews, 1996). 
W ith this assumption, the interval death rate 
function resembles the shape of the post-spike 
membrane potential (Powers and Binder,
2000). Below we compare the ISI death rate 
plots (Fig. 5-3C) with membrane properties 
that can be measured with threshold tracking 
techniques (Bostock et al., 1998).
The first few milliseconds after an FP, the 
generating membrane was refractory. In some 
FPs, firing probability substantially increased
around 5 ms after FP discharge. The latter 
corresponds to the “supernormal” or “superex­
citable” period that follows an action potential 
in myelinated axons (Burke et al., 2001). An 
increased supernormality o f m otor axons has 
been found in patients with ALS and is asso­
ciated with the occurrence of fasciculations 
(Bostock et al., 1995). More recently, two inde­
pendent studies have confirmed this finding 
and have attributed the increased supernor­
mality to a reduction in potassium conduct­
ance (Kanai et al., 2006; Vucic and Kiernan, 
2006a). In another study, axonal excitability 
was measured over the nerve and at the m otor 
point. In patients with ALS, the abnormalities 
were more pronounced distally (Nakata et al.,
2006). This supports the link with supernor­
mality and could indicate that axonal-type 
fasciculations are generated distally. The time 
course of membrane excitability is thus consis­
tent w ith an axonal membrane generating the 
FP.
Another argument for a distal origin of 
axonal fasciculations is repetition with an ISI 
compatible with the latency of F-waves (Roth, 
1984). W ith our surface recording technique, 
an F-wave has the same morphology as the 
preceding FP, and the ISI reveals the locus of 
generation. Because the root conduction time 
to the biceps muscle is 5 to 7 ms (Vucic et 
al., 2006b), F-waves from a distal site should 
produce a peak in the ISI distribution at 10 to 
15 ms. In the quadriceps muscle, the F-wave 
latency should be longer. In contradiction to 
what would have been expected, we found no 
peak attributable to F-waves in our ISI histo­
grams (Fig. 5-3A). Thus, the location of the 
generator for the axonal type of FPs remains 
unknown. For this, H D -sEM G  recordings of 
FPs in a distal muscle may be needed. W hen 
the m otor nerve is accessible and long enough, 
collision or nerve blocks may be applied to 
gain additional localizing information.
Short ISIs (<10 ms) can occur during volun­
tary contraction and are termed doublet
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discharges. Doublet discharges have been 
described in normal subjects, mostly at move­
m ent initiation and in fatigue (Griffin et al.,
1998). Transcranial magnetic stimulation and 
H-reflexes can evoke doublets, confirming a 
spinal origin in normal subjects (Kudina and 
Churikova, 1990; Z ’Graggen et al., 2005). 
These doublets are caused by delayed depola­
rization of the spinal m otor neuron. However, 
delayed depolarization is followed by afterhy­
perpolarisation, such that a longer ISI should 
follow. In this case, the ISI histogram would 
consist o f a peak below 15 ms and a broader 
peak around 80 to 100 ms, separated by a 
region w ithout counts between the peaks. Such 
a combination of the ISI histograms shown in 
Fig. 5-2 (B and E), within one M U  was not 
encountered. O ther authors have described 
doublets exclusively in neuromuscular disor­
ders and have localized their origin to the 
periphery (Partanen and Lang, 1978; Roth, 
1980). Doublets tend to occur together with 
FPs, although not necessarily in the same M U  
(Partanen and Lang, 1978). Closer examina­
tion of the joint ISI plot (Fig. 5-2C) shows that 
a third firing can follow a doublet already after 
a few milliseconds, confirming the absence of 
afterhyperpolarisation. Therefore, the doublets 
found here are compatible with an axon that 
exhibits increased supernormality somewhere 
along its course.
A long refractory period of 25 ms suggests that 
the membrane became strongly hyperpolarized 
after discharging a spike. Such firing behaviour 
cannot be explained by the properties o f an 
axon but is consistent with spike origination 
in the m otor neuron itself. A  high proportion 
o f these FPs occurred in ISIs o f 70 to 200 
ms, which is typical for MUs during volun­
tary contraction. W hen MUs are recruited, 
they fire regularly, i.e., each ISI is preceded 
and followed by an ISI of similar duration. As 
can be seen for Fig. 5-2F, two discharges with 
an ISI o f approximately 100 ms were often 
preceded or followed by a m uch longer ISI.
These long irregular intervals distinguish FPs 
from regularly firing MUAPs (AAEM, 2001). 
MUAPs occur in regular discharges, partly 
because of the action of persistent inward 
currents. These dendritic sodium and calcium 
conductances give rise to plateau potentials 
that support sustained firing (Heckman et al.,
2005). The threshold for activation of these 
currents is close to the recruitment threshold, 
which means that under normal circumstances, 
long ISIs can only occur at the onset or offset 
of contractions. Obviously, the generation of 
FPs in the spinal m otor neuron would require 
the generation o f spikes to be distinct from the 
recruitment of plateau potentials. This pheno­
m enon has been described recently in cultured 
m otor neurons and in a com puter simulation 
(Kuo et al., 2006). These neurons responded to 
a current step with sustained firing. Blockade 
of persistent sodium conductance resulted in 
only a single spike. This would imply that the 
persistent sodium current is lower in fasci- 
culating m otor neurons. Intriguingly, rilu- 
zole has been found to block these persistent 
sodium currents, but has at the same time a 
dose-dependent suppressive effect on fascicu­
lations in patients with ALS (Groeneveld et al., 
2003; Urbani and Belluzzi, 2000). This could 
indicate that fasciculations in ALS may not 
be associated with persistent inward currents, 
but w ith abnormal phasic input to the spinal 
m otor neuron. Such abnormal impulses form 
a hyperexcitable cortex should reach a num ber 
of low-threshold m otor neurons in the spinal 
cord. Several authors have taken synchronous, 
complex, or consecutive FPs as evidence for a 
cortical involvement in the fasciculations of 
ALS (Hirota et al., 2000; Norris, Jr., 1965; 
Shiga et al., 2000). The num ber of spikes is 
large in our data set, but no t sufficient to prove 
or exclude the cortical contribution. Thus, 
whether the neuronal fasciculations are caused 
by dysfunction of the spinal m otor neuron 
itself or reflect abnormalities in central input 
needs to be established.
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N euromyotonia or Isaacs’ syndrome is a rare peripheral nerve hyperexcitability disorder caused by antibodies against potassium channels of myelinated axons. We present the 
high-density surface electromyographic (HD-sEMG) recordings of a patient with fascicu­
lations and cramps due to neuromyotonia. To characterize the time course of hyperexci­
tability, we analyzed the interspike intervals (ISIs) between fasciculation potentials (FPs), 
doublet, and multiplet discharges. ISI duration increased within each burst. The ISI histo­
grams found can be explained by the recovery cycle of the myelinated axon and its depen­
dency on the slow potassium conductance. We conclude that ISI analysis is a useful tool 
to understand the membrane dynamics underlying abnormal motor unit (MU) activity.
Introduction
Peripheral nerve hyperexcitability presents as 
spontaneous or exercise-induced muscle twit­
ching or cramp. Positive signs like fascicula­
tions, myokymia, cramps, or stiffness can be 
found in these patients (H art et al., 2002). 
Negative signs such as muscle atrophy and 
weakness are not prominent. Electrodiagnostic 
evaluation reveals FPs and doublet and m ulti­
plet discharges. Antibodies against voltage- 
gated potassium channels may result in 
neuromyotonia, but there is considerable 
clinical, electrophysiological, and im m uno­
logical variability (Antozzi et al., 2005; H art 
et al., 2002; Kurono et al., 2006; Sinha et al., 
1991).
To record a large num ber of the abnormal 
discharges, we used H D -sEM G  (Drost et al.,
2006). This technique allows accurate analysis 
of the firing moments of M U  action potentials 
(MUAPs) or FPs from noninvasive recordings 
of long duration (Chapters 2 and 4). Interspike 
interval (ISI) histograms can be constructed 
and such histograms can be interpreted with 
respect to the underlying membrane dyna­
mics. (Awiszus, 1997; Heckman et al., 2005; 
Matthews, 1996). We also related postspike 
changes in the membrane potential o f spon­
taneously active axons to changes in electrical 
excitability and to animal data on blockade 
of potassium currents (Kiernan et al., 2000; 
Schwarz et al., 2006).
Case report
In September 2005 a 70-year-old woman was 
referred for evaluation of leg cramps that were 
suspected to be due to m otor neuron disease. 
Symptoms started with involuntary subcu­
taneous muscle movement about 6 months 
earlier. Cramps were triggered by exercise, and 
walking for long distances was impossible. 
Cramps in the legs also occurred at night. 
Her past history consisted of a cervical lami­
nectomy 15 years earlier, nonspecific low back 
pain, and mild hypertension requiring medi­
cation.
Neurological examination revealed fascicu­
lations in the trunk muscles, the left brachial 
biceps, and both quadriceps muscles; very 
intense fasciculations were present in the 
gastrocnemius muscles. Resistance to passive 
movement o f the ankles was increased, but 
no pattern of extrapyramidal rigidity or of 
spasticity was found and upper m otor neuron 
signs were absent. No wasting or weakness was 
found. The Achilles’ reflex was absent bilater­
ally, but otherwise the deep tendon reflexes 
were normal. The plantar response was flexor. 
The sensory examination was unremarkable 
except for a slightly reduced perception of 
vibration at the ankles. Cramp-fasciculation 
syndrome or m otor neuron disease were consi­
dered the likely diagnosis.
Electrophysiological studies showed that 
sensory nerve action potentials were normal
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FIGURE 6-1. Example of a HD-sEMG recording. The bipolar signal of 10 adjacent elec­
trode pairs (lateral to medial direction) is shown for the same 500 ms. A triplet, a train of 
five action potentials, and another triplet occurs. Note that the spatial distribution and the 
waveform do not change between discharges. The triplet has its maximum amplitude 
on channel 3, the quintuplet discharge on channel 6, indicating the origin in a spatially 
distinctive MU. The ISIs were 7 and 18 ms for the triplet and 11, 12, 15, and 23 ms for 
the quintuplet. The triplet on the right-hand side had a low amplitude, so no ISI analysis 
was performed.
in the sural, left superficial peroneal, and potentials were normal for the left ulnar, left 
superficial radial nerves. M otor nerve conduc- median, left tibial, and right peroneal nerves. 
tion velocities and com pound muscle action Conduction block was not detected. Normal
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potential waveforms were followed by afterpo­
tentials. Due to the after-discharges that did 
not return to baseline for 30 ms or longer, no 
F-waves could be obtained in the left ulnar 
nerve. Attempts to obtain an H-reflex in the 
soleus muscle resulted in cramps.
Needle examination revealed FPs, doublets, 
and multiplets. M ost multiplets had durations 
shorter than 200 ms. N o fibrillation potentials 
or positive sharp waves were present in the left 
abductor hallucis, the left anterior tibial, the 
medial head o f the right gastrocnemius, and 
the left first dorsal interosseus muscles. In the 
anterior tibial and gastrocnemius muscles the 
MUAP duration was slightly increased, with 
normal morphology and recruitment. M otor 
nerve conduction studies were repeated with 
needle recording electrode in right abductor 
pollicis brevis and the left first dorsal interos- 
seus muscles. It was confirmed that afterpoten­
tials resulted from doublet, triplet, or m ultiplet 
discharges triggered by electrical stimulation. 
From these findings neuromyotonia or Isaacs’ 
syndrome was diagnosed (Isaacs, 1961). Serum 
levels o f antibodies against voltage-gated potas­
sium channels were tested. A titer o f 300 pM, 
clearly above the upper reference value of 100 
pM , was found. Using the clinical and elec­
tromyographic criteria o f H art et al. (2002), 
our patient would be diagnosed with autoim­
m une peripheral nerve hyperexcitability, type 
A. Laboratory tests and imaging disclosed no 
associated autoim m une disorder or underlying 
malignancy.
The patient had already tried phenytoin without 
improvement of cramps. Carbamazepine (200 
mg twice daily) resulted in a clear improve­
m ent o f cramps. However, fasciculations and 
some cramping in the legs persisted.
High-density surface EM G
From the firing pattern of a M U, the dynamics 
of the membrane currents that generate the
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FIGURE 6-2. Interspike interval (ISI) histogram of 
three different potentials. For the first, second, and 
third potential 956, 507, and 400 firings, respec­
tively, were found.
discharges can be deduced (Matthews, 1996; 
Powers et al., 2002). For such an analysis some 
hundred firings of the same M U  need to be 
recorded. The H D -sEM G  system described 
by Blok et al. (2002) was used to follow the 
same M U  over several minutes. We arranged 
130 electrodes in a 10 x 13 matrix with an 
interelectrode distance o f 5 mm, positioned 
over the medial head o f the right gastrocne­
mius muscle. By subtraction o f the potential 
measured from adjacent electrodes in the 
proximal-distal direction, bipolar signals 
were obtained. The spatial selectivity of such 
bipolar derivation, together with spatial infor­
mation in the lateral to medial direction, can 
be used to distinguish different MUAPs. For
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FIGURE 6-3. Each trace shows a different doublet (A), triplet (B), quadruplet (C), or 
quintuplet (D) discharge. All signals come from the same channel of the bipolar record­
ing (channel 6 with the highest amplitude in Fig. 6-1). Six different examples are given in 
each column. Note that the last ISI (which is also the first in a doublet) is longer.
an extensive description o f spatial filtering and 
M U  analysis from HD-sEM G, the reader is 
referred to previous reports Chapter 2. EMG 
was recorded for 15 min with the patient at 
rest. No electrical stimulation was applied and 
no cramp was analyzed.
An example o f a recording of 10 adjacent 
channels is shown in Fig. 6-1. At rest, triplet 
and multiplet discharges were observed. The 
waveform of a potential was stable within each 
train. The triplet discharge had its maximum 
amplitude over channel 3 and the quintuplet 
had its maximum amplitude over channel 6. 
The distance between the electrical origins
of the potentials was therefore about 15 mm 
(three interelectrode distances), i.e., they arose 
from different M U  (chapter 4). Further exami­
nation o f the recording revealed that potentials 
w ith the same spatial characteristics often 
repeated themselves.
For a detailed analysis o f the whole recording, 
we used a high-density EM G decomposition 
program that was validated for M U  analysis 
and modified for FPs (Chapters 2 and 4). 
Three different MUAPs had a high overall 
firing rate and could be identified with confi­
dence during the study. The firing moments 
of these action potentials were used to calcu-
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FIGURE 6-4. ISI analysis of two different MU (left MU1, right MU3). The upper histograms
(A) give the number of trains of different length. The second row (B) represents ISIs from 
double discharges. The two bottom rows compare the first (C) and the last (D) ISI in each 
multiplet. The MUAPs shown in Fig. 6-3 were from MU3 and are included in the right part 
of this figure.
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late the duration of all ISIs. In Fig. 6-2 the ISI 
histograms of the three different action poten­
tials are given.
Each o f the three potentials occurred as an 
isolated, spontaneous firing, i.e., as an FP 
The majority o f the firings occurred within
doublets or multiplets. In the ISI histogram 
(Fig. 6-2), doublets and multiplets show up in 
the interval range between 5 and 30 ms. The 
ISI histograms contain subpeaks that were not 
completely consistent between the three MUs. 
However, in the individual histograms and in
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TABLE 6-1. Description of the abnormal discharg­
es. FPs, doublets or multiplet discharges that were 
separated by less than 50 ms were considered as 
oneburst.
MU #1 MU #2 MU #3
Total number of discharges 956 507 400
Number of bursts 318 175 87
Duration of bursts (ms)
Minimum 4.8 4.4 12.7
Mean 21.3 23.2 51.2
Maximum 119 85.9 179
Discharges per burst
Minimum 2 2 2
Mean 2.7 2.6 4.2
Maximum 10 7 9
Final ISI (ms)
Minimum 4.8 4.4 4.4
Mean 14.1 15.5 21.2
Maximum 39.1 37.6 45.9
the histogram o f pooled ISIs there was a major 
peak around 10-12 ms and a smaller peak at 
20-25  ms.
From inspection of the signal (Fig. 6-1) 
it appeared that the shorter ISIs occurred 
preferentially at the beginning of a m ulti­
plet, whereas the last ISI was often longer. To 
explore this issue in more detail, channel 6 in 
Fig. 6-1 was selected. Different doublets (A), 
triplets (B), quadruplets (C), and quintuplets 
(D) were plotted in Fig. 6-3.
The ISI durations w ithin each train were 
analyzed systematically and the result is given 
in Fig. 6-4 for two different MUs. We consi­
dered subsequent firings as one train as long 
as they were not separated by more than 50 
ms. For the M U  on the left hand side of Fig.
6-4, 955 SIs were counted, 175 of them in 
doublets and 368 in 143 multiplets. In 100 of 
the 143 multiplets the last ISI (fig. 6-4D) was 
longer than the first (Fig. 6-4C). Furthermore, 
the range of ISIs was broader for the last ISI. 
Although only some trains (36 of 143) ended 
with an ISI longer than 20 ms, ISIs o f around 
20 -30  ms often terminated the discharge. 
The majority of these long ISIs occurred as 
the last ISI in a multiplet (36 o f 76) or as a 
doublet (23 of 76). Similar ISI distributions 
were found for the two other MUs, as shown
in Fig. 6-4 and in Table 6-1. Unlike Maddison 
et al., (2006) we found no systematic tendency 
toward quadruplets consisting of two doublets 
(short-long-short ISI). Inspection o f long ISIs 
revealed no clear patterns. In particular, a 
rhythmic repetition was not present.
Discussion
The patient presented had the clinical features 
of Isaacs’ syndrome, FPs, doublets and m ulti­
plet discharges on needle EMG, and antibodies 
against potassium channels (Arimura et al., 
2002; H art et al., 2002; Isaacs, 1961; Mertens 
and Zschocke, 1965). The terminology of both 
the clinical signs and also the EM G findings 
is inconsistent. Some authors use the terms 
“neuromyotonic” and “myokymic discharges” 
almost interchangeably (Hart et al., 2002; 
M addison et al., 2006; Maddison, 2006) 
whereas others emphasize the differences 
(Daube, 2001). A detailed discussion of the 
terminology is provided elsewhere (AAEM, 
2001; Daube, 2001; G utm ann et al., 2001; 
Maddison, 2006). In the following, the term 
“myokymic discharge” is reserved for poten­
tials that repeat at a uniform rate (AAEM,
2001). W ith this terminology, myokymic 
discharges were not encountered.
M ost previous investigations o f abnormal M U  
discharge behaviour have used needle elec­
trodes. Instead, we used H D -sEM G  to track 
the neuromyotonic discharges for 15 min. 
Action potential characteristics remained stable 
during this recording period, allowing accurate 
identification o f waveforms. From Fig. 6-1 it 
is clear that the two MUs are spatially sepa­
rated and could not have been recorded with 
the same needle (Chapter 4, Fig. 4-5). Thus, 
the large field of view of the HD -sEM G  grid 
is an advantage if an abnormality that is only 
present in some MUs has to be detected. O ur 
m ethod introduces a sampling bias toward 
superficial MUs of sufficient size, but the lack
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of any evidence for a difference between deep 
and superficial neuromyotonic discharges 
allows us to compare our findings to the lite­
rature.
An estimation of membrane properties from 
firing behavior has been successfully applied 
to normal and abnormal spinal and cortical 
m otor neurons (Gorassini et al., 2004; 
Matthews, 1996; W etmore and Baker, 2004). 
We propose that this concept can be applied 
to the axonal membrane as well, as sponta­
neous fluctuations of the membrane potential 
(membrane noise) have been demonstrated for 
hum an myelinated axons (Hales et al., 2004). 
If  it is assumed that the membrane potential 
fluctuates randomly around a given trajectory, 
an action potential will be generated as soon 
as the combination of this trajectory and the 
membrane noise reaches the requisite thres­
hold. Both in a spinal m otor neuron and in 
a myelinated axon, the membrane becomes 
hyperpolarized after discharging an action 
potential (Burke et al., 2001; Powers and 
Binder, 2000). Depending on several ion 
conductances, membranes show different time 
courses o f afterhyperpolarization, i.e., different 
postspike trajectories. Under stable conditions, 
threshold and noise level can be considered 
as constant. Then, for any given postspike 
latency the probability o f generating a new 
action potential (to terminate the current ISI) 
will reflect the distance to threshold (Powers 
and Binder, 2000; W etmore and Baker, 2004). 
Therefore, to a first approximation, a high 
firing probability in the ISI histogram is to be 
interpreted as a depolarization in the postspike 
trajectory (Matthews, 1996). It is im portant to 
note that w ithin this statistical framework an 
individual discharge or ISI does not contain 
inform ation on excitability. However, a larger 
ISI distribution informs about the trajectory. 
For instance, the ISI histograms of Fig. 6-4 
show different ISI distributions for the first 
and last ISI o f a multiplet, indicating different 
trajectories. O n average, the membrane poten­
tial must have been closer to threshold (more 
depolarized) in the beginning of a multiplet.
In a peripheral nerve, distance to threshold can 
be expressed also in terms of stimulus current 
needed to evoke an action potential. Thus, the 
ISI histogram can be compared directly with 
the recovery curves from nerve excitability 
testing with paired pulse protocols (Burke et 
al., 2001; Kiernan et al., 2000). The ISI dura­
tion then replaces the interstimulus interval on 
the time axis and the discharge probability is 
readily compared to the change in threshold 
current.
O ur ISI histograms (Fig. 6-2) show peaks 
at 5 -30 ms that correspond to profound 
hyperexcitability at postspike latencies o f 5-15 
ms and to some hyperexcitability for up to 30 
ms. Furthermore, we found a relation between 
train duration and ISI duration, with long 
intervals terminating the train (Fig. 6-4), indi­
cating a change in some membrane proper­
ties during a multiplet discharge. O n average, 
the distance to threshold is larger at the end 
of a multiplet, indicating that the membrane 
was less depolarized or that the threshold had 
increased. O ur analysis included three different 
MUs in a single patient, but when EM G traces 
from the literature are examined the same 
ISI pattern may be recognized (Maddison et 
al., 2006; Maddison, 2006; Mertens and 
Zschocke, 1965; Torbergsen et al., 1996).
Can such time courses of excitability be 
explained by potassium channel dysfunction 
and are they compatible with nerve excita­
bility studies? In recent experiments in rats, 
Schwartz et al. (2006) measured m otor axonal 
excitability with and w ithout pharmacolo­
gical blockade of potassium channels. In the 
resting state an action potential was followed 
by a supernormal (more excitable) period star­
ting at 3 ms and lasting until 30 ms after an 
action potential. After 30 ms there was (late) 
subexcitability due to activation of potas­
sium currents. These findings closely resemble 
hum an data (Kiernan et al., 2000; Schwarz et
8 4  I Chapter 6
al., 1995). During trains o f action potentials, 
late subexcitability effects accumulate and 
axons become less excitable, preventing repe­
titive firing. W hen slow potassium currents are 
pharmacologically inhibited the axons remain 
supernormal after a train, promoting sustained 
repetitive firing. N ot only does the number of 
repetitive discharges increase with the dose of 
the potassium blocker, but the discharges also 
become more regular and the ISI becomes 
shorter (Fig. 11C o f Schwartz et al., 2006). 
Although not discussed by those authors, their 
figure indicates that ISI duration and vari­
ability increase during long bursts. Both in 
our patient and in the animal model it seems 
that in the beginning of a train the threshold 
is reached early in the supernormality phase 
(at 3 -8  ms, Fig. 6-4C). The threshold can be 
reached only rarely during late subexcitability, 
and thus only a few ISIs are longer than 30 
ms (Fig. 6-2). W hy the last discharge some­
times occurs later (but still during the phase of 
supernormality) remains unknown.
The term ination of a burst cannot be explained 
by abnormal potassium conductances alone. 
Carbamazepine and other antiepileptic drugs 
may reduce cramps and our patient responded 
to such treatm ent as well (Maddison, 2006). 
Effective drug treatm ent may reduce neuro- 
myotonic discharges of long duration, but FPs 
and short multiplets are still present (Arimura 
et al., 2002) This could indicate the involve­
m ent o f sodium channels in the termination 
o f bursts.
In measurements o f electrical excitability, no 
convincing abnormalities have been found 
in patients with Isaacs’ syndrome (Kiernan 
et al., 2001). This negative finding was attri­
buted to the fact that the discharges arise from 
the distal part o f the axon, with excitability 
remaining normal proximally (Arimura et al., 
2005; Torbergsen et al., 1996). Alternatively, 
it can be assumed that an individual axon
contributes to the com pound muscle action 
potential to be tracked only if  it responds to 
the stimulus (Kiernan et al., 2001). As soon as 
it becomes neuromyotonic and shortly there­
after, the spontaneous discharges of that parti­
cular M U  are not time-locked to the stimulus. 
Effectively, the axons with many abnormal 
discharges are underrepresented in the sample. 
Therefore, we suggest that in neuromyotonia 
threshold tracking is biased toward healthy 
axons and that ISI analysis is a valuable tool 
that focuses on the abnormal axons.
Myokymic discharges (as defined earlier) 
repeat at regular intervals o f some hundreds of 
milliseconds. Demyelinated nodes o f Ranvier 
may serve as a pacemaker, as suggested by the 
association between myokymic discharges and 
conduction block (Esteban and Traba, 1993; 
Roth and Magistris, 1987b). The within- 
burst frequency is up to 60 Hz, whereby 
Albers et al. defined discharge frequency as the 
num ber of spikes divided by the duration of 
the train (AAEM, 2001; Albers et al., 1981). 
ISI analysis o f myokymic discharges has been 
performed and the shortest ISI durations were, 
as in neuromyotonic discharges, around 5 
ms. (Albers et al., 1981; H jorth and Willison, 
1973). W ithin each burst ISIs increase. Both 
findings are in line with the notion that in 
both myokymic discharges and the discharges 
of neuromyotonia, supernormality o f the 
axonal membrane is im portant. The higher 
overall firing rate o f neuromyotonic discharges 
(Daube, 2001; G utm ann et al., 2001) can be 
interpreted solely as reflecting their duration. 
To conclude, we used H D -sEM G  decomposi­
tion and ISI analysis to describe the abnormal 
firing patterns in neuromyotonia. The ISI 
histograms can be explained by the recovery 
cycle o f the myelinated axon and its depen­
dency on the slow potassium conductance. 
The underlying process may not be specific for 
an acquired potassium channelopathy.
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Fasciculation potentials (FPs) are a diagnostically important finding in amyotrophic lateral sclerosis (ALS), and their presumed distal origin was one of the arguments to 
include FPs in the Awaji criteria. Recently, firing patterns pointing to both central and 
peripheral generators have been demonstrated, but unexpectedly, no F-waves were seen in 
these recordings.
The objective in this study was to record FPs and their F-response and to compare their 
prevalence in patients with ALS and in patients with benign fasciculations.
In seven patients with ALS and seven patients with benign fasciculations, high-density 
surface EMG (HD-sEMG) was recorded for 15 minutes from the gastrocnemius muscle. 
Template matching was used to search for pairs of FPs with a repetition within 10-110 
ms. Interspike interval (ISI) histograms were constructed from 282 pairs of benign fasci­
culations and from 337 fasciculations in ALS. Peaks attributable to F-waves were found at 
latencies of 32 ms (benign) and 35 ms (ALS). Five patients with benign fasciculations and 
four patients with ALS had FPs with F-waves.
F-waves of FPs occur in both conditions - therefore they are not diagnostically helpful. 
They can confirm the distal origin of FPs for an individual axon. The occurrence of these 
FPs in a benign condition suggests that the generation of ectopic discharges in the distal 
axons is unrelated to progressive neurodegeneration.
Introduction
Fasciculations are a clinical hallmark of ALS 
and they are part o f the original and revised 
El Escorial criteria for the diagnosis (Brooks 
et al., 2000). The fasciculation potential (FP) 
is the electrophysiological counterpart o f a 
fasciculation (AAEM, 2001). Fasciculations 
can occur in normal subjects and in a variety 
of disorders of the peripheral nervous system 
(Dum itru et al., 2002; Scheel et al., 1997). 
The relevance of fasciculations and FPs in the 
diagnosis o f ALS has been discussed extensi­
vely (Desai and Swash, 1997; Rosenfeld, 2000; 
W ilbourn, 1998).
Based on physiological assumptions and expert 
opinion, new electrodiagnostic criteria have 
been proposed recently (Benatar and Tandan, 
2010; de Carvalho et al., 2008; Schelhaas et 
al., 2008). In these Awaji consensus criteria 
FPs are upgraded as a diagnostic marker of 
ALS (de Carvalho et al., 2008).
The exact origin o f fasciculations is unclear. 
There is convincing evidence that fascicula-
tions can arise distally in the peripheral axons 
(de Carvalho and Swash, 2004; Forster and 
Alpers, 1944; Janko et al., 1989; Roth, 1982; 
Roth, 1984). Already Denny-Brown and 
Pennybacker (Denny-Brown and Pennybacker, 
1938) had suggested an origin o f FPs in the cell 
body of the m otor neuron. More recent studies 
in ALS have indeed confirmed the proximal or 
a even central origin of a part o f the fascicula­
tions (de Carvalho et al., 2000; H irota et al., 
2000; Kleine et al., 2008b; Mills, 1995; Mills 
and Nithi, 1997; Norris, Jr., 1965). 
HD -sEM G  is a relatively new tool for the 
study of fasciculations. It has sufficient spatial 
resolution to allow the decomposition of the 
signal into the contributing m otor unit action 
potentials (MUAPs) or FPs and their firing 
times. The ability to collect large numbers of 
firing events over a long period o f time allows 
the construction of ISI histograms. An ISI 
histogram can be interpreted in terms of exci­
tability and therefore reflects membrane dyna­
mics at the site o f origin (Matthews, 1996; 
Powers et al., 2002).
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In a previous study of FPs in ALS, we found 
evidence o f a neuronal origin of some fasci­
culations, whereas other fasciculations were 
shown to be generated from the axon (Chapter 
5). W hen the ectopic action potential is gene­
rated in the distal part o f the m otor axon, it 
will be propagated to the muscle fibres, resul­
ting in the FP. The action potential will also 
be conducted anti-dromically to the motor 
neuron, as can be demonstrated with collision 
techniques (Roth, 1982). In some instances, 
the m otor neuron will fire back, resulting in 
an F-wave (Mesrati and Vecchierini, 2004). 
In a recording of fasciculations, F-waves result 
in FPs that repeat themselves with an ISI that 
corresponds to the length o f the nerve (Roth, 
1984). Unexpectedly, we did not find evidence 
o f such F-waves in ISI histograms from patients 
with ALS (Chapter 5). In contrast, we did see 
them in some patients with benign fascicula­
tions and also in a healthy subject after exer­
cise. Therefore, we hypothesized that FPs with 
F-wave indicate a relatively benign condition. 
To explore this issue further, we focused speci­
fically on FPs that repeated themselves within 
an interval o f a few tens of milliseconds. First, 
we show that the waveforms are indeed similar 
and can be explained as being F-waves. Then 
the m ethod was applied to recordings o f from 
patients with benign fasciculations and from 
patients with ALS. We wanted to answer the 
question whether the prevalence of F-waves of 
FPs differ between patient groups.
Methods
Subjects
Seven patients with ALS and 7 patients with 
benign fasciculations were recruited from our 
m otor neuron day-clinic. They all were referred 
for the evaluation o f suspected m otor neuron 
disease. Fasciculations were a prom inent sign 
or one of the reasons for referral. Only patients 
with fasciculations in the gastrocnemius
muscle were included. In all patients nerve 
conduction studies, needle EMG, imaging 
studies and laboratory investigations were 
performed as indicated by the differential diag­
nosis. In the group with benign fasciculations 
seven male patients (age 37-71, mean 52 years) 
were investigated. In five of them, the EM G 
was completely normal. In two patients mild 
abnormalities were found, consistent with 
previous lumbosacral root pathology, w ithout 
recent axonal loss
The ALS group comprised five male and two 
female patients (age 57-74, mean 66 years). At 
the time of surface EM G recordings, they were 
diagnosed as probable (3), probable laboratory 
supported (1) and possible (3) ALS according 
to the revised El Escorial criteria (Brooks et 
al., 2000). Retrospectively, we applied the 
new Awaji criteria (de Carvalho et al., 2008; 
Boekestein et al., 2010). Three patients had 
FPs in muscles w ithout fibrillations or posi­
tive sharp waves. In one patient this resulted 
in a change from possible to probable ALS. In 
all patients, the diagnosis was confirmed by 
clinical progression on follow-up. O nset was 
in the bulbar (1), cervical (3) or lumbosacral 
(3) region. D uration of symptoms was 6-60 
(mean 33) months. Four patients had mild 
weakness (MRC grade 4/5) o f the lower leg 
w ithout atrophy, three patients did not show 
muscle weakness of the lower legs. O ne patient 
(#7) showed spasticity and extensor responses. 
Brisk tendon reflexes were present in all. 
D uring diagnostic EMG, H-reflexes with 
stimulation o f the tibial nerve in the poplitea 
and recording from the soleus muscles were 
obtained. As a reference, the latency of the 
H-reflex was used as a measure for the conduc­
tion time from the lower leg to the spinal cord 
and back.
High-density surface EMG
The electrical activity of the medial head of 
the gastrocnemius muscle was recorded using 
the HD -sEM G  recording system described
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earlier (Blok et al., 2002). In short, electrodes 
were arranged in a 10 x 13 rectangular matrix 
with an inter-electrode distance of 5 mm. 
Monopolar EM G signals, each referenced to 
the patella, were amplified, bandpass filtered 
(0.16-400 Hz), AD-converted with a reso­
lution 1 ^V /bit at a rate o f 2048 samples/s/ 
channel (ActiveOne, Biosemi, Amsterdam, 
The Netherlands), and stored on the hard disk 
of a PC for off-line processing.
During EM G recording, the subject was 
sitting on a bench with the leg supported or 
free, whichever resulted in the best relaxa­
tion. Visual feedback of the monopolar EM G 
signal was given. Short periods with voluntary 
contractions were identified visually and were 
excluded from further analysis. The duration of 
data acquisition was set to 15 minutes, which 
resulted as a compromise between a sufficient 
num ber of discharge events, patient comfort 
and processing time.
Identification o f  fasciculation potentials
The data processing was based on previous 
algorithms that optimized identification of 
MUAPs (Chapters 2 and 3), or fasciculations 
((Drost et al., 2007; Kleine et al., 2008b). 
Previously, the focus was on accurate identifi­
cation of a limited num ber of FPs that repeat 
themselves several hundred times. The program 
was modified to identify any FP that repeats 
itself within some dozens of millisecond. First, 
a sensitive automatic step identified candidate 
potential pairs. Then, in a second interactive 
step was added to ensure specificity (Van Dijk 
et al., 2008).
First, ten seconds of data were read, high-pass 
filtered at 15 Hz. Second, peak detection was 
performed in each monopolar channel. A 
positive or negative deflection of 20 ^V was 
set as the threshold. The waveform starting 
5 ms before the detected peak and ending 5 
ms after the detected peak was considered an 
FP. A double FP is expected to show a second 
similar waveform that can be detected by a
template matching algorithm. To find these 
pairs o f FPs, the first FP was taken as a m ulti­
channel template. This template was then 
moved by 10-110 ms in steps o f the sampling 
interval and subtraction was attempted. From 
the original signal and the residual remaining 
after subtraction, the area under the curve 
was calculated. W hen a reduction in area was 
achieved by template subtraction, additional 
criteria were tested: The area o f the template 
and original waveform had to be within 50%, 
template matching had to reduce the area by 
30% of the template area and by 20% of the 
original waveform. Peak detection threshold, 
template duration and minimal area reduction 
are based on our previous decomposition algo­
rithm, but were chosen to be overly sensitive 
(chapter 2). The whole recording was analyzed 
in this way by repeating the template matching 
for all peaks detected and for all subsequent 
10 second segments. Usually 50-300 candi­
date FP pairs were found in a recording of 15 
minutes.
In the interactive step, all FP pairs previously 
identified, were inspected visually. The high­
pass filtered monopolar signals from all avai­
lable electrodes were plotted from 10 ms before 
the first peak up to 120 ms after. In a second 
window, the first potential (the template) was 
superimposed at the appropriate delay on the 
recorded signal. In a third window, the residual 
o f the template subtraction was plotted. The 
waveform could be inspected in more detail on 
a particular channel or with a change in ampli­
fication. Based on the quality of the signal and 
the similarity o f the first and second FP it was 
decided to accept or neglect the potentials for 
further analysis.
Properties o f  fasciculation potential pairs
To quantify the similarity of FPs in terms 
of the spatial distribution we calculated the 
centre o f gravity (COG) from the peak to 
peak amplitude measured of each channel 
(Van Elswijk et al., 2008). The C O G  tends to
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FIGURE 7-1. Example of an FP pair (A). The peak detected first (1) is shown as a black 
curve on a different timescale in B. The second peak (2) differs in amplitude and spatial 
distribution and was therefore not recognised as a part of an FP pair. A third peak (3), 
found after an ISI of 38 ms, was superimposed (grey curve in B).
0.1 m V
10  m s10 0  m s
be closer to the middle of the electrode grid 
than the maximum, and it is a robust measure 
o f spatial distribution (Farina et al., 2008a; 
Kleine, 2001; Van Elswijk et al., 2008). The 
maximum amplitude was also calculated. The 
coordinates o f the C O G  were plotted in a 
graphic representation o f the electrode gird. To 
see how spatially similar the FPs o f each pair 
were, the Euclidean distance between COGs 
was calculated.
If  a pair o f FPs was generated by an F-wave, the 
same potential must also occur as an isolated FP. 
O ne of the FP pairs with a discharge interval 
compatible with F-waves, a high amplitude 
and a C O G  position that was relatively sepa­
rate from the other pairs, was selected. The FP 
was used as a template, and the whole recor­
ding of 15 minutes was scanned for the occur­
rence of this potential. As explained above, all 
potential hits were confirmed visually.
Firing pattern analysis
For each FP pair the interval between the 
discharges, the ISI was calculated. ISI histo­
grams were constructed with a binwidth of 1 
ms. Pooled ISI histograms were also generated 
for both patient groups.
Results
Properties o f  F-waves
An example of a FP pair from a patient with 
benign fasciculations is shown in Fig. 7-1. The 
multichannel signal is shown, together with 
the overlap between the FPs as achieved with 
template matching (Fig. 7-1B). In that parti­
cular recording 54 pairs o f FPs were found. 
Figure 7-2 shows the position o f the CO G , 
overlaid on a scheme of the electrode gird. As 
can be seen from the small distances between
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FIG URE 7-2. The centre of gravity (COG) of all FP pairs from one patient superimposed 
on the electrode grid (A) or the middle part of the grid (B). Pairs are connected by lines. 
ISI histogram of all FP pairs from the same recording. To identify an influence of spatial 
similarity or amplitude, in the upper part of C, spatially similar pairs (COG distance <0.5 
mm) are highlighted in black. In the lower part, pairs with a maximum amplitude of >0.1 
mV are black.
FIG URE 7-3 . A FP pair (black lines) is overlaid on all FPs with the same spatiotemporal 
characteristics from a patient with benign fasciculations (A). 12 channels from the one 
column of electrodes are shown. On two other occasions, F-waves with an ISI of 33 ms 
were found. In a patient with ALS (B), 10 FPs had the same spatiotemporal characteris­
tics, the detected pair had an ISI of 13.7 ms. No important differences between the first 
and the second FP exist.
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FIGURE 7-4. Double-peaked FP from a patient 
with benign fasciculations. The double peak, oc­
curs in the original FP and after 31 ms in the F- 
wave. 12 channels from one column are shown.
the C O G  within a pair, the spatial properties 
o f those potentials resemble each other. The 
median C O G  distance in this patient was 0.5 
m m  (0.1 inter-electrode distances). The ISI 
histogram of the 54 FP pairs is given in Fig. 
7-2C. The peak was at 33 ms, w ith a range 
o f preferred intervals of 30-35 ms. This peak 
accounted for 40% o f all pairs. The appea­
rance of the histogram was not dependent on 
the quality o f the match between FPs. The ISI 
histogram was separated into pairs with high 
vs. moderate spatial similarity (C O G  distance 
below or above 0.5 mm) and into large and 
small potentials (maximum amplitude above 
or below 0.1 mV). A peak at 33 ms is clearly 
visible in all subpopulations of FPs (Fig. 
7-2C). This confirms the high specificity of
visual evaluation. However, it is possible that 
FP pairs were missed with this approach.
O ne of the FP pairs w ith a high amplitude 
was selected as a template. This FP was found 
34 times in the recording. These 34 FPs were 
plotted superimposed Fig. 7-3. Three times a 
FP pair with an ISI o f 33 ms was found. It 
appears that one particular M U  fasciculated 
31 times in 15 minutes. In three out o f 31 
cases the antidromic action potential resulted 
in an F-wave.
In both groups of patients, almost all FPs had 
waveforms with a simple biphasic or tripasic 
morphology, as in the examples shown above. 
O ne rare exception is shown in Fig. 7-4. The 
spatial distribution of the first, smaller poten­
tial is different from the main spike, but both 
occur twice, w ith an ISI o f 31 ms.
Firing patterns
In total, 282 fasciculation pairs were detected 
in patients with benign fasciculation and 337 
pairs in patients with ALS. The ISI histograms, 
along with the H-reflex latency, for all indivi­
dual patients are given in Fig. 7-5. In 5 out of 
7 patients with benign fasciculations and in 4 
out of 7 patients with ALS at least a certain 
clustering of ISIs around 35 ms is present. One 
of the patients with ALS (#3 in Fig. 5) showed 
a combination of two FPs with an F-wave and 
a larger num ber of FPs of neuronal origin (ISI 
between 80 and 110 ms).
The ISIs were cumulated over the seven 
patients in each group. The H-reflex latency 
was averaged, weighted by the num ber of 
fasciculation pairs in each patient. For both 
groups a peak is found for intervals that are
1 ms (benign) or 2 ms (ALS) longer than the 
latency of the H-reflex. As can be seen in Fig. 
7-6, there are no major differences in the peak 
between benign fasciculations (32 ms) and 
fasciculations in ALS (35 ms). In ALS a second 
peak is found at 40 ms, that is however caused 
by fasciculations from one single patient (Fig.
7-5).
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FIGURE 7-5. ISI histograms of FP pairs of seven patients with benign fasciculations (A) 
and with ALS (B). The dotted line represents the latency of the H-reflex recorded from the 
soleus muscle. Two patients with benign fasciculations (#1 and #5) had mild neurogenic 
abnormalities suggestive of previous lumbosaral root damage on needle EMG.
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Discussion
We investigated the firing pattern of FPs in 
patients with benign fasciculations and in 
patients with ALS. FPs with F-waves were 
present in both groups and are therefore not 
diagnostically relevant. In addition, the pres­
ence of fasciculations originating from the 
distal part o f the axon in a benign condition 
suggests that they are unrelated to degenera­
tion of m otor neurons.
Both groups of patients were recruited from
a m otor neuron clinic. Therefore the patients 
and their FPs can be considered to be repre­
sentative for the respective referral patterns 
(Mills, 2010). Patients were selected to have 
a substantial intensity of fasciculations in the 
gastrocnemius muscle, subjectively assessed 
during the neurological examination. The 
intensity of fasciculation and also the num ber 
of FP pairs within one recording varied consi­
derably. Fasciculation intensity is reflected by 
the num ber of FP pairs. O n a group level, 
there was no major difference between patients
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FIGURE 7-6. Cumulative ISI histogram of FP pairs 
of patients with benign fasciculations (A) and ALS
(B). The dotted line indicates the weighted average 
of H-reflex latencies.
with ALS and w ith benign fasiculations.
In both groups of patients an increased 
num ber of ISIs of around 35 ms was found. 
Although this peak was more prom inent for 
benign fasciculations, individual and group 
data indicate the presence of these fascicula­
tions in ALS as well.
To be sure that the second FP of a pair is 
indeed an F-wave, the ISI must be similar to 
the latency of an F-wave or H-reflex. H-reflex 
latencies were available from the routine EMG 
investigations. The H-reflex latency reflects 
the conduction time from the poplitea to the 
spinal cord and then to the soleus muscle. 
The peak in the ISI histogram was found to 
be just a few milliseconds after the H-reflex 
latency. Taking the slower conduction velo­
city in the distal axon into account, this is 
perfectly compatible with a conduction from 
somewhere midway the calf to the spinal cord 
and back. Another property of F-waves is 
that the back-firing of the m otor neuron is a 
chance event that does no t occur after every 
antidromic action potential. We demonstrated
that the same FP discharges often in isolation 
and only a few times with an F-wave.
W hen recorded with a needle electrode, the 
waveshape of the FP can be complex and 
instable (de Carvalho and Swash, 1998). The 
change in waveform from one discharge to the 
next can be explained by an origin in the distal 
branches of the axon. This also explains why 
the first FP is more variable than its F-wave 
(Mills, 2010). The recording of MUAPs or FPs 
with H D -sEM G  results in simple waveforms 
w ithout major differences between normal and 
enlarged MUs (Drost et al., 2007; Van Dijk 
et al., 2010). Van D ijk et al. (2008) recorded 
HD -sEM G  from the thenar muscles and used 
F-waves for the validation o f M U  num ber esti­
mation. As in our patients, they found stable 
spatiotemporal characteristics. Occasionally, 
FPs with a double peak can be found. The 
double peak is seen in the first FP and in the 
F-wave, indicating that it cannot be related to 
a varying order of muscle fibre excitation. This 
source of complexity and variability is invisible 
from the surface, due to the fact that all muscle 
fibres contribute almost equally to the surface 
FP.
The num ber of F-waves varies between 
patients, bu t in both patient groups F-waves 
occur and the overall histogram does not differ 
m uch between ALS and benign fasciculations. 
This confirms a very similar finding by Mills 
(2010). From an anatomical viewpoint, these 
FPs confirm a distal origin in an individual 
patient. It remains unclear, why F-waves were 
consistently present in this study, but absent in 
a previous study in ALS (Kleine et al., 2008b). 
O ne explanation could be that proximal 
muscles do not show the same fasciculations 
that distal muscles show. Indeed, in the distal 
leg muscles, fasciculations are found more 
often than elsewhere (Fermont et al., 2010). 
Therefore, it is difficult to extrapolate the 
findings to other muscles. A second hypothesis 
is that a M U  that fasciculates with a high rate 
(as required in the previous study) is unable
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to produce F-waves. Such a hypothesis would 
assume that hyperexcitability o f the distal axon 
is associated with changes in the m otor neuron 
that precludes back-firing of F-waves. A third 
hypothesis assumes that the axonal fascicula­
tions found previously, arise proximally at the 
axon hillock. To resolve this question, longitu­
dinal tracking of a fasciulating M U  (Maathuis 
et al., 2008) through different stages o f the
disease or excitability testing of FPs may be 
useful.
High-density surface EM G can identify FPs 
that repeat themselves within a short interval. 
In patients with ALS and in patients with 
benign fasciculations FPs with an F-wave 
occur. The F-wave confirms the distal origin of 
some fasciculations, which is neither diagnos- 
tically relevant nor indicative of denervation.

Part III
Diagnostic studies in ALS
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In the early diagnosis of amyotrophic lateral sclerosis (ALS) it can be difficult to demonstrate involvement of the upper motor neuron (UMN). Transcranial magnetic 
stimulation with the triple stimulation technique (TST) can identify subclinical UMN 
involvement, but has not been evaluated prospectively. The objective of this study was to 
evaluate the diagnostic yield of TST to identify UMN involvement in patients suspected 
of having amyotrophic lateral.
Fifty-nine patients were recruited to undergo TST in addition to the standard work-up for 
suspected motor neuron disease. TST combines transcranial magnetic stimulation of the 
motor cortex with collision studies, which results in a higher sensitivity in detecting UMN 
involvement. Primary outcome was the number of abnormal TST results in patients with 
possible ALS. The positivity rate was converted to the number needed to test with TST 
(NN-TST) for one extra diagnosis of ALS.
Fifty patients underwent TST. In the total group (n=59), 18 patients had a motor neuron 
disorder but did not fulfil criteria for probable or definite ALS. In four of these patients 
TST was abnormal (NN-TST=4.5). One TST was erroneously interpreted as abnormal. 
TST findings were normal in inclusion body myositis and peripheral nerve disorders.
This prospective and blind study confirms open studies of TST in the evaluation of ALS. 
We suggest that TST can be used to arrive at a diagnosis of probable or definite ALS in 
patients lacking UMN signs in the upper extremities.
Introduction
ALS is the neurodegenerative disorder defined 
by progressive loss of m otor neurons in the 
m otor cortex, brainstem, and spinal cord 
(Mitchell and Borasio, 2007). The diagnosis 
requires signs of upper and lower m otor 
neuron (LMN) loss, with diagnostic certainty 
depending on the extent o f signs (Brooks, 
1994; Brooks et al., 2000). The spread of 
abnormality to the different regions of the 
body, defined in the (revised) El Escorial 
criteria of diagnostic certainty, correlates nega­
tively with the num ber of diagnostic errors 
(Belsh and Schiffman, 1996; Davenport et 
al., 1996; Traynor et al., 2000). However, 
the classification is not related to severity of 
the disease, as clearly indicated by the fact 
that survival is comparable in possible and 
definite ALS (Zoccolella et al., 2006). In the 
early diagnosis of ALS a change from possible 
to probable ALS is relevant in the first place 
because a clear diagnosis is im portant for the
patient and may improve communication of 
the diagnosis (Borasio et al., 1998; Borasio and 
Pongratz, 1997). Secondary to a clear diag­
nosis, neuroprotective therapy with riluzole 
can be started early and treatm ent trials may 
be more successful before neurodegeneration 
is widespread (Bensimon et al., 1994; Leigh et 
al., 2004; Zoccolella et al., 2006).
EM G can supplement clinical evaluation in 
the detection of LM N deficits when diagno­
sing probable laboratory supported ALS, and 
further revision of criteria has been proposed 
recently (de Carvalho et al., 2008). The appli­
cation of the Awaji algorithm, which puts 
more emphasis on the EM G in general and 
fasciculation potentials in particular, improves 
diagnosis of LM N abnormalities (de Carvalho 
and Swash, 2009). However, the detection of 
U M N  deficits is currently based on clinical 
examination alone. Transcranial magnetic 
stimulation may be used to measure the func­
tion of U M N , but the most frequently used 
measures are not very sensitive for U M N
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deficits that are no t clinically apparent. 
Therefore, such techniques are not currently 
m entioned in diagnostic criteria (Chen et al., 
2008; de Carvalho et al., 2008). For diag­
nostic purposes, the limiting factor is the large 
variation of m otor evoked potentials (MEPs) 
w ithin and between subjects. This variation is 
due not to submaximal stimulation, but to the 
variable timing of action potentials resulting in 
dispersion and phase cancellation (Magistris et 
al., 1998). Magistris et al. combined transcra­
nial magnetic stimulation with a collision 
technique that solves several of these problems 
with amplitude measurements. W ith their 
triple stimulation technique (TST), response 
amplitude directly reflects the m otor units 
(MU) and muscle fibres that can be activated 
from the cortex. Reference values for TST have 
a narrow range that results in higher sensiti­
vity in the detection of U M N  involvement in 
a num ber of central m otor disorders, inclu­
ding ALS (Magistris et al., 1999; Rösler et al., 
2000). TST results correlate to some extent 
w ith the severity of the U M N  deficit and are 
more often abnormal in patients with definite 
or probable ALS than in patients with possible 
ALS (Attarian et al., 2007; Magistris et al.,
1999). In patients already diagnosed with 
ALS based on signs in another region, TST 
may identify a previously undetected abnor­
mality of the U M N  (Attarian et al., 2007; 
Komissarow et al., 2004; Rösler et al., 2000; 
Rösler and Magistris, 2004). O n the basis of 
these results, it has been suggested that TST 
can increase diagnostic certainty in ALS, but 
to date the m ethod has not been evaluated in a 
prospective study.
We expected that TST  would detect U M N  
deficits in some patients in whom muscle 
tone and reflexes in the upper extremity were 
normal on clinical evaluation. Thus, TST 
findings, in combination with other signs and 
findings, may increase diagnostic certainty, for 
example by grading up from possible ALS to 
probable ALS. In analogy to a therapeutic trial,
we calculated the ‘num ber needed to test’ (de 
Lemos, 2002; Laupacis et al., 1988) to increase 
the diagnostic certainty in one patient. The 
Standards for Reporting of Diagnostic accuracy 
(STARD) checklist was applied (Bossuyt et al.,
2003).
Methods
Patients
All patients referred to our tertiary neuromus­
cular centre for evaluation of suspected m otor 
neuron disorders were eligible for inclusion 
in the study. M otor neuron disease had to be 
considered in the differential diagnosis, but 
not necessarily as the most likely diagnosis. 
Exclusion criteria were seizures, and metallic or 
electronic implants. All patients gave informed 
consent. The study protocol was approved 
by the local committee on research involving 
hum an subjects.
Triple stim ulation technique: set-up
For a complete theoretical and physiological 
background of the m ethod we refer to the 
initial report by Magistris et al. (1998). Briefly, 
the first magnetic stimulus induces action 
potentials in the cortex that travel along the 
corticospinal tract and the peripheral nerve. 
The other two stimuli, applied at the wrist 
and at Erb’s point, are set up to quantify the 
result o f the first stimulus and to remove any 
dispersion. Comparison of TST  after cortical 
stimulation (TST test) w ith that after Erb’s 
stimulation (TST control) gives a direct esti­
mate of U M N  function. In the following, we 
give the full technical details o f our implemen­
tation.
Self-adhesive electrodes (22 x 22 m m  Ag/AgCl, 
Kendall H69P, Tyco Healthcare, Mansfield, 
MA, USA) were placed at the m otor point of 
the abductor digiti m inim i muscle and at the 
proximal phalanx of the little finger. The EMG 
signal was amplified (250x, Hydiak 693 D C/
The triple stim ulation technique in ALS 103
AC, EKIDA, Helmstadt, Germany), filtered 
(10-3000 Hz), and digitized (10 kHz, 0.6 pV/ 
bit, CED Power 1401, Cambridge Electronic 
Design, Cambridge, UK). Data acquisition, 
on-line visualization, and stimulus timing 
were controlled with Spike2 software. Patients 
received visual feedback of the baseline- 
corrected, rectified, and smoothed (100 ms 
moving average) EM G at 200 ms/cm. Post­
stimulus data were displayed at 2.5 ms/cm 
(0-50 ms). Default display gain was 3 mV/cm 
for adjustment of amplitude markers and 200 
pV/cm for the placement of latency markers. 
For peripheral nerve stimulation, a pair o f self­
adhesive electrodes (3M Red D ot 2271, 3M 
Nederland, Zouterwoude, NL) was placed 
with the cathode just proximal to the wrist 
over the ulnar nerve and the anode medial and 
slightly proximal to it. The brachial plexus was 
stimulated with large electrodes (5 x 4.5 cm, 
Thymapad ECT stimulus electrodes, Somatics 
LLC, Lake Bluff, IL, USA) with the cathode 
at Erb’s point and the anode at the scapula 
(Roth and Magistris, 1987a). Electrodes 
were connected to constant current stimula­
tors (DS7A and DS7AH, Digitimer, Welwyn 
Garden City, UK). By using a high-voltage 
stimulator, supra-maximal stimulation was 
achieved with a pulse duration of 0.1 ms. The 
m otor cortex was stimulated with a magnetic 
stimulator (Magstim 200, Magstim, W itland, 
UK) connected to a 90-m m  circular coil 
centred above the vertex. Stimulation intensity 
was 80% or 100% of maximum stimulator 
output.
Triple stim ulation technique: measurement 
protocol
During the measurements, the subject was lying 
on a bed in supine position. To avoid move­
m ent artefacts, the fingers were fixed with tape. 
The measurements started with three recor­
dings of maximum voluntary abduction of the 
little finger, w ith the patients receiving EM G 
feedback. The highest stable amplitude was
selected and 20%  of the maximum EM G was 
calculated as the target level for tonic volun­
tary contraction. Supra-maximum stimulation 
intensity was adjusted for ulnar nerve stimula­
tion and proximal stimulation during rest. The 
onset latency of the com pound muscle action 
potential (CMAP) was measured. Its ampli­
tude was measured from baseline to negative 
peak and was required to exceed 2.0 mV. 
During tonic contraction at 20%  maximum 
EMG, three to five magnetic stimuli were 
given and the M EP was recorded. The latency 
of the M EP was measured. The absence of a 
M EP in response to cortical stimulation was 
considered as abnormal, equivalent to an 
abnormal TST  result and indicative of a U M N  
lesion.
To achieve appropriate collision of action 
potentials, the timing o f TST was automati­
cally adjusted according to the conduction 
time of the patient. Delay I was calculated as 
the difference between M EP latency and distal 
m otor latency. Delay II was the difference 
between CMAP latency in response to Erb’s 
points stimulation and distal m otor latency. As 
defined by Magistris et al., distal m otor latency 
was rounded up to the next millisecond, while 
M EP latency and Erb latency were rounded 
down to the nearest millisecond. The first and 
the last TST  trials were given as TST  control 
stimulations. In these trials, Erb’s stimulation 
was followed after delay II by wrist stimula­
tion and then again by Erb’s stimulation after 
delay II. TST test stimulation consisted of 
m otor cortex stimulation, wrist stimulation 
after delay I, and Erb’s stimulation after delay 
II. Three TST test trials were performed, with 
the magnetic stimulator set to 80%, 100%, 
and 100% of maximum stimulator output. 
No threshold measurements were performed. 
All five trials were superimposed to check for 
signal quality, movement artefacts, and consis­
tent supramaximal stimulation (Fig. 8-1).
As voluntary pre-activation may be required 
for maximum activation of the hand muscles,
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FIGURE 8-1. Examples of TST curves as th e y appear in the report. The first three traces 
give the response to separate stimulation o f ulnar nerve, plexus brachialis and motor 
cortex. The follaming five; tracesgive theTST control and TST test curves. The difference 
between fret TST aonhrol and thv TST teat cuoevs is filled. In the lowest tvavoe TST tcct 
curves and TST eontre i curtas ene supeeimcaceVl (A)shewc tr norvrel TST awpNtude 
ratio, le (B) TST in tacormal dtiru an ampiitude rat¡ogf69%l s  )C) the tn^ r^ e position hrC 
changed between measurements, as can be seen from the shorter duration of the CMAP 
and tne nST revfjonse. TNs artvfamt wes missec hifia^ teat). TCT am ^tude refio 
wcs f 7%.
all TST tr iiv  wvrv performed with 20% 
voluntary contraction. A sandbag was used to 
avsid changes in hand position between trials. 
The num ber of TST  trials was predefined to 
exclude that the investigation was repeated 
until the investigator was ‘satisfied’.
The amplitude of the TST response was 
measured from baseline to the negative peak. 
T ST  amplitude ratio was defined as the ratio 
between the maximum of three TST  test 
amplitudes divided by the maximum of two 
T ST  control amplitudes. A TST  amplitude 
ratio o f less than 90% was considered abnormal 
(Attarian et al., 2007). In the literature, 93% 
was established as the lower (2.5 SD) limit 
o f normal and was used as the diagnostic
cut-off value. Because o f the predefined and 
low num ber o f trials, our cut-off was set lower 
than recommended initially, but comparable 
to that for the first dorsal interosseus muscle. 
Inter-session and inter-reader agreement o f the 
T ST  amplitude ratio was reported to be within 
about 6% (Hum m  et al., 2004; Magistris et 
al., 1998). An example of a normal and an 
abnormal TST  result is given in Fig. 8-1.
Study design
Between October 2006 and October 2007, 
consecutive patients were included prospecti­
vely provided that TST could be performed 
on the same day as the neurological consulta­
tion and EMG. Demographic data, symptom
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duration, and the presence o f U M N  or LM N 
signs per region were recorded by a neurologist 
(HJS). Disease duration was determined from 
when first symptoms were apparent, as indi­
cated in the patient’s history. Nerve conduc­
tion studies and needle EM G were performed 
by a neurologist specialized in neuromuscular 
disease and m otor neuron disorders (HJS) or 
by a neurology resident supervised by a clinical 
neurophysiologist (MJZ). Arlie House criteria 
for ALS (Brooks et al., 2000) were applied by 
the neurologist (HJS), who did not know the 
TST results. All patients with LM N signs only 
were classified as having progressive muscular 
atrophy (PMA), which overlaps w ith suspected 
ALS in the El Escorial classification (Brooks, 
1994; Van den Berg-Vos et al., 2003; Visser et 
al., 2007).
TST was performed and read by a resident 
in neurology and clinical neurophysiology 
(BUK), together w ith a technician. The results 
o f neurological examination and EM G were 
not available during TST. Independent o f 
clinical presentation, both hands were tested 
and a TST amplitude ratio of less than 90% 
was considered abnormal (Attarian et al.,
2007). If  one or both sides were abnormal, the 
TST findings were reported as an indication of 
U M N  deficit in muscles o f the cervical region. 
At the time of diagnosis, the neurologist and 
clinical neurophysiologist were blind to the 
results of TST.
If ALS was the initial diagnosis or no alterna­
tive diagnosis was established, patients were 
followed up for at least six months. The neuro­
logist re-assessed the patient and ordered addi­
tional tests as required by the clinical situation. 
Progression, as expected from the previous 
history, was required to confirm the diagnosis. 
According to national guidelines, patients 
were referred to the closest possible multidis­
ciplinary ALS team. In patients that were not 
re-assessed at six months at our department, 
progression on follow-up by another ALS team 
was considered equivalent. The neurologist
and the ALS teams had no access to the TST 
results at follow-up.
Outcome measures and statistics
The primary outcome measure was the posi- 
tivity rate, i.e. the num ber of patients that 
changed in diagnostic category from ‘PMA/ 
suspected’ or ‘possible’ or ‘probable labora­
tory supported’ ALS to ‘probable’ or ‘defi­
nite’ on the basis o f an abnormal TST ratio. 
Progression on follow-up was the reference 
standard. We compared the num ber o f patients 
who received a diagnosis o f probable or defi­
nite ALS on clinical grounds with the number 
of patients who would have such a diagnosis 
after TST. In clinical trials the effect o f treat­
m ent can be measured by the num ber needed 
to treat, i.e. the num ber of patients that must 
receive treatment to achieve one extra favou­
rable outcome (Laupacis et al., 1988). Using 
the same formula, the num ber needed to test 
with TST (NN-TST) indicates how many 
patients need to undergo T ST  to diagnose one 
extra case o f ALS with the required certainty 
(de Lemos, 2002; Edwards et al., 2002). 
From the standard error o f the absolute risk 
difference the 95% confidence interval o f the 
N N -T ST  was estimated (Altman, 1998; Daly,
1998). The N N -T ST  was calculated for the 
group of patients in a low El-Escorial category 
and for the whole patient group. N N -T ST  as 
a primary outcome measure was calculated for 
the intention-to-test population, i.e. assuming 
a normal TST ratio in all patients who have 
not completed the TST protocol. As a secon­
dary outcome, N N -T ST  was calculated in the 
patient group with complete and interpretable 
TST measurements (per protocol analysis). 
From the false-positive rate the num ber 
needed to harm (by incorrectly diagnosing 
ALS) with TST was calculated. Analysis was 
on the patient level (Padua et al., 2005). A 
priori, no formal calculation o f study size was 
performed. However, an analysis o f outcomes 
was scheduled after 50 patients.
106 I Chapter 8
FIGURE 8-2. Flow diagram summarizing the prospective inclusion of patients. The left 
side gives the diagnostic process. On the right side the results of the TST study are sum­
marized. Note that the diagnosis and follow-up was blinded for the TST results.
Results
Patient group
As summarized in Fig. 8-2, 59 patients 
consented to participate. Their demographic 
characteristics and disease duration are given 
in Table 8-1. After work-up for ALS, 30 
patients were diagnosed to have a variant of
m otor neuron disease; 10, other central m otor 
disorders; 17, peripheral nerve disorder; and 
two, no neurological disease.
Fifty patients underwent TST. O ne patient was 
excluded from TST because of a cardiac pace­
maker, one patient had a history of ruptured 
aneurysm that was treated with a potentially 
magnetic clip, six patients stopped early in the
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TABLE 8-1. PPtient popu la tio n .
age (y) 
(median, range)
duration (m) 
(median, range)
region of onset 
(b/c/l)
all patients (n = 59) 58 (23-81) 16 (2-300) 4/27/27
definite ALS (2) (51, 60) (8, 35) (b/-/-)
probable ALS (8) 66 (40-71) 9 (5-44) (2/3/3)
probable lab. supp. ALS (6) 56 (46-81) 18 (6-37) (-/5/1 )
possible ALS (4) 47 (32-58) 7 (6-114) (-/2/2)
PMA/suspected ALS (8) 61 (45-77) 25 (5-121) (-/5/3)
PLS (2) (46, 63) (11, 61) (-/-/l)
vascular (4)* 71 (64-74) 100 (26-156) (-/-/4)
HSP (4) 38 (23-41) 66 (12-299) (-/-/l)
MSA (2) (70, 82) (30,132) (-/-/1)
radiculopathy **(3) 65 (56-73) 24 (9-97) (-/2/1 )
IBM (3) 63 (55-66) 48 (12-75) (-/1/2)
neuropathy *** (3) 67 (59-75) 9 (6-11) (-/1/2)
MMN (2) (38,49) (15,53) (-/2/-)
ulnar neuropathy (2) (59, 70) (4, 50) (-/2/-)
benign fasciculations ****(3) 55 (49-58) 16 (2,19) (-/1/2)
radiation plexopathy (1) 70 7 (-/1/-)
no neurological dis. (2) (41,48) (16,60) (-/1/1)
* stroke or extensive white matter lesions on cerebral imaging
** one patient with myelopathy in combination with radiculopathy
*** diabetic, herditary sensory and motor neuropathy, squelae of Guillian-Barre-syndrome
**** one patient with benign fasciculations and previous cerebral hypoxia
recording either due to the unpleasant sensa­
tion o f magnetic stimulation or due to pain 
from electrical stimulation at Erb’s point. In 
one patient severe dyspnoea precluded TST. 
Only one patient could no t tolerate TST at 
the other side after unilateral measurement. 
His T ST  ratio was assumed to be normal for 
further analysis.
In five patients a TST amplitude ratio could 
not be obtained because of peripheral abnor­
malities. In three o f these patients conduction 
block was detected and blinding was broken. 
In another three patients no M EP and there­
fore also no TST test response was obtained.
These patients were considered to have a 
lesion of the U M N s innervating the cervical 
myotomes.
During follow-up, one patient showed no 
progression and cramps improved; the diag­
nosis was changed from PMA to benign 
fasciculations and cramps. Another patient 
progressed from PMA to probable ALS. All 
patients diagnosed with possible, probable 
laboratory supported, probable or definite ALS 
showed some degree o f symptom progression.
Primary outcome measures
In the group with m otor neuron disease (n =
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TABLIE 8-2. TST reeultt  i n pptieete i n a a oo/ cctecjgoy oothe El Essco^  d í terá
diagnosis total
(intention-
to-test)
could
change
category
TST 
(per protocol)
TST 
ampl. ratio 
(mean)
TST
abnormal
probable lab. supp. ALS 6 5 4 84 % 3
possible ALS 4 3 3 95 % 1
PMA/suspected ALS 8 8 3 105% 0
18 16 10 94 % 4
30), 18 patients did not fulfil the criteria for 
probable or definite ALS. O f  these, 16 patients 
would have shifted to a higher diagnostic cate­
gory if a U M N  lesion in the cervical region 
were found (Table 8-2). In four o f them TST 
amplitude ratio was abnormal, resulting in 
a positivity rate of 4/18 corresponding to a 
N N -T ST  o f 4.5 with a confidence interval not 
including infinity (CI 2.4—33). There were six 
patients with U M N  signs in only one region 
o f the body (Table 8-2, probable laboratory 
supported). O f  these six patients, five had 
the U M N  signs in the legs or in the bulbar 
region only. If  TST  found evidence of abnor­
mality in the U M N s supporting the cervical 
region, two body regions could be classified as 
abnormal, resulting in probable ALS. In the 
sixth patient, U M N  signs were present in the 
upper extremity, such that TST  would not add
any new information. In four patients TST 
was performed per protocol, three times with 
a TST am plitude ratio o f less than 90% (Table
8-2, first row). For the whole patient popu­
lation, four o f 59 patients changed category, 
resulting in a N N -T ST  of 15. The confidence 
interval was wide and included infinity (CI 4.8 
to »  and -i»  to -13).
In one patient, diagnosed with spondylotic 
lumbosacral polyradiculopathy, a TST ampli­
tude ratio of 87% was obtained on stimulation 
of the left side (Fig. 8-1C). Assuming that a 
false diagnosis o f ALS may have been given 
to this patient, the num ber needed to harm 
would be 13 (lower lim it o f 95% CI, 4.8). In 
this calculation a ‘worst case’ is considered. 
O ne has to assume that the patient belonged 
to the per protocol group of 12 patients and 
that one extra patient received a (false-positive)
TABEE 8-3. TST resultsinpotients with knowncentral motor disorders.
diagnosis tested with TST TST amplitude ratio 
(mean)
abnormal TST 
amplitude ratio
definite ALS 2 51 % 1
probable ALS 8 87 % 3
possible ALS 1 34% 1
PLS 1 0 % 1
vascular * 5 70 % 3
HSP 4 79 % 3
MSA 2 90 % 1
myelopathy 1 84 % 1
* including one patient with benign fasciculations and a history of cerebral hypoxia
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FIGURE 8-3. Percentage of abnormal TST ampli­
tude ratios. The number of abnormal tests is similar 
in the group with probable/definite ALS and in the 
group with probable laboratory supported ALS or 
lower. In the lower diagnostic category, most ab­
normal TST results contributed to diagnostic cer­
tainty (black bar).
diagnosis o f ALS. We later discovered that the 
patient’s hand had changed position between 
tests, changing the shape of the action poten­
tial.
Secondary outcome measures
O f the 10 patients with probable laboratory 
supported, possible or suspected ALS and 
complete TST  data, the positivity rate was 
4/10. This means that four patients changed 
diagnostic category on the basis of the TST 
findings, corresponding to a per protocol 
N N -T ST  of 2.5 (CI 1.4-10) for low El 
Escorial categories (Fig. 8-3). For the group 
of 50 patients who underwent TST, the per 
protocol N N -T ST  was 13 (CI, 4 to œ and -œ  
to -12).
Overall, o f the 50 TST  performed, results were 
abnormal in 19 patients. O f  these, 14 were in 
patients with known or suspected central m otor 
disorders (Table 8-3, Fig. 8-3). This group 
included patients with U M N  signs sufficient 
to diagnose probable or definite ALS, but also 
other diseases that were suspected from history 
and confirmed by other parts o f the neurolo­
gical examination or by neuroimaging. One 
patient had severe U M N  signs in all regions
I
□  norm al 
(am plitude 
ra tio  >90% )
□ abnorm al
not d iagnostic
■  abnorm al 
d iagnostic
of the body with only m inor LM N involve­
ment, resulting in a diagnosis o f possible ALS 
(Table 8-3). TST  added no truly new diag­
nostic inform ation in these patients. Except 
for one false-positive result (see above), the 
TST amplitude ratio was normal in inclusion 
body myositis and peripheral nerve disorders. 
In two patients, one with probable ALS and 
one with hereditary spastic paraparesis (HSP), 
the TST amplitude ratio was between the two 
recommended cut-off points o f 90% and 93% 
(Attarian et al., 2007; Magistris et al., 1998).
Discussion
To our knowledge, this is the first prospective, 
blind study of the use of TST for the detection 
of subclinical U M N  abnormalities in ALS. 
TST findings were abnormal in about one in 
five patients who ultimately developed ALS 
but who did not meet the diagnostic criteria 
for definite or probable ALS. The positivity 
rate was 4/18 and the N N -T ST  was 4.5 (CI 
2 .4-33). The lack of infinity in the confidence 
interval indicates that TST adds a statistically 
significant am ount o f diagnostic information. 
This was also the case for the intention-to­
test analysis, indicating that even with a small 
num ber of drop-outs the statistically signifi­
cant advantage was retained.
Previous studies o f TST  in patients with ALS 
(Attarian et al., 2007; Komissarow et al., 2004; 
Magistris et al., 1999; Rösler et al., 2000), were 
not blinded, so the clinical diagnosis may have 
been influenced by knowledge of TST  results. 
However, the num ber o f abnormal TST results 
in our study was comparable to that reported 
in earlier studies, i.e. this study replicates the 
diagnostic yield of TST in a blinded setting. 
As in open studies, the TST  amplitude ratio 
was more often abnormal in patients with clear 
U M N  signs, indicating spectrum bias (Attarian 
et al., 2007; Eusebio et al., 2007; Ransohoff 
and Feinstein, 1978). Thus, TST is most useful
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in patients with m inor U M N  involvement, in 
whom the findings of the neurological exami­
nation are still normal. In these patients, TST 
results are abnormal, bu t are often relatively 
close to the lim it o f normal. Although most 
patients w ith possible or probable laboratory 
supported ALS will eventually develop ALS, it 
is im portant to reduce uncertainty about the 
diagnosis, both for patients and their doctors 
(Borasio et al., 1998; Borasio and Pongratz,
1997).
All patients diagnosed with PMA/suspected 
ALS had a normal TST amplitude ratio. It 
remains unclear whether these patients did 
no t have U M N  deficits or whether the tech­
nique is not sensitive enough to detect them. 
Changing the cut-off value for an abnormal 
TST  amplitude ratio from 90% to 93% would 
no t solve the problem.
Only the cervical region was investigated in 
this study, as TST  was performed in intrinsic 
muscles o f both hands. A T ST  technique has 
been described also for the lower extremity, 
bu t its sensitivity in the diagnosis o f ALS is 
unknown (Buhler et al., 2001).
In contrast to previous studies o f TST  in 
ALS, this study included all patients referred 
to a m otor neuron disorders clinic. Many of 
them were ultimately diagnosed with central 
and peripheral mimics of ALS. Except for one 
false-positive result due to technical problems, 
no abnormal TST amplitude ratios were found 
in patients with peripheral nerve or muscle 
disorders, indicating a high specificity. In some 
patients with peripheral abnormality, TST 
does not give useful results. In case of conduc­
tion block between the wrist and Erbs point, 
the study is diagnostic because ALS is ruled 
out, but central conduction itself becomes 
inaccessible. W ith severe M U  loss resulting 
in atrophy (CMAP below 2 mV) or w ith a 
single unit pattern, TST amplitude cannot be 
interpreted (Attarian et al., 2007; Magistris et 
al., 1998). This will no t give any diagnostic 
problems, as all rules for assessing proximal or
central abnormalities in the context o f perip­
heral abnormalities are well established for 
both nerve conduction studies and the neuro­
logical examination.
As expected, a substantial num ber o f abnormal 
results were obtained in patients with diffe­
rent central m otor disorders. Both within and 
outside the context o f ALS an abnormal TST 
can be interpreted almost in the same way as 
U M N  signs.
The probability o f ALS is increased by finding 
a low TST amplitude ratio, provided that other 
pathology within the corticospinal system is 
excluded by appropriate neuroimaging. In this 
sense, T ST is generally not specific for ALS. In 
particular, this remains true for the differential 
diagnosis between ALS and cervical spondy- 
lotic myelopathy. Some additional information 
can be gained from the central m otor conduc­
tion time that is more often abnormal in the 
case o f compression (Magistris et al., 1999). 
However, the contribution of different tests 
such as conduction time to the hand muscles, 
to the trapezius muscle or needle EM G  o f the 
trapezius muscle has not been studied pros­
pectively (Sonoo et al., 2009; Truffert et al.,
2000).
In one im portant aspect a low TST  amplitude 
ratio differs from clinical U M N  signs. The 
T ST  control test is obtained by stimulating 
the brachial plexus at Erb’s point. Therefore, 
an abnormality at the root or plexus level 
cannot be differentiated from abnormality in 
the central nervous system (Magistris et al.,
1998). In some patients w ith multifocal m otor 
neuropathy, isolated proximal conduction 
block can be demonstrated with TST or with 
stimulation at the root level (Arunachalam et 
al., 2003; Deroide et al., 2007; Vucic et al., 
2006a). In our study, we considered a misdi­
agnosis unlikely, because even in the absence 
o f conduction block, peripheral nerve conduc­
tion studies will reveal some abnormalities that 
point to the neuropathy.
Given low diagnostic contribution (high
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N N -TST) for the whole patient population, 
we think that TST  should no t be used in every 
patient referred to the m otor neuron clinic. As 
defined in our primary outcome measures, in 
patients who are classified with possible or as 
probable laboratory supported, ALS TST can 
contribute to an early diagnosis by finding 
subclinical evidence of U M N  abnormality. In 
the Awaji consensus, the probable laboratory 
supported category is removed, but the need for 
a test o f U M N  function may actually increase 
(de Carvalho et al., 2008). Using the revised 
El Escorial criteria together w ith the new 
proposal (Awaji algorithm), results in increased 
sensitivity w ithout loss o f specificity (Brooks 
et al., 2000; de Carvalho and Swash, 2009). 
However, when using the Awaji proposal as a 
stand-alone set o f criteria (i.e. truly removing 
laboratory supported), this reduces sensitivity 
for a subgroup of patients, as is best illus­
trated by an example: Consider a patient with 
pseudobulbar speech, tongue atrophy and 
EM G abnormalities including fibrillations in 
two arm muscles. According to the revised El
Escorial criteria, he or she will be classified as 
probable laboratory supported ALS. Using the 
Awaji criteria alone, the classification would 
be possible ALS, because only one (bulbar) 
region with U M N  abnormality was found. 
This patient has a three in four chance to have 
a low TST am plitude ratio in one of the hands 
(Table 8-3, Fig. 8-3). Equivalence of clinical 
and neurophysiological abnormality in finding 
LM N abnormality is one of the principles of 
the Awaji consensus, but still awaits valida­
tion (Schelhaas et al., 2008). Extending these 
principles to the U M N , we propose that such 
a patient is classified as probable ALS. A limi­
tation of our study is the relatively low number 
of patients. A replication in a larger, preferenti­
ally multicentre study would both increase the 
statistical power and validate our results within 
the context o f the new Awaji criteria.
In conclusion, TST may be a useful tool w ith a 
high sensitivity for detecting subclinical U M N  
abnormalities in suspected ALS. As a result, 
the level o f diagnostic certainty in the evalua­
tion of ALS can be increased.
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The Awaji Commission recently proposed a modification of the electrodiagnostic criteria for amyotrophic lateral sclerosis (ALS). We assessed whether the Awaji recom­
mendations improve the sensitivity of the early diagnosis of ALS. In a retrospective study 
we reviewed clinical and neurophysiological data for 213 patients who visited our motor 
neuron disease outpatient clinic between October 2006 and December 2008. Using the 
El Escorial criteria, 51 patients were diagnosed with definite or probable ALS, 14 with 
probable laboratory-supported ALS, and 28 with possible ALS. An alternative diagnosis 
was present in 120 patients. Applying the Awaji recommendations, 66 patients were diag­
nosed with either definite or probable ALS, and 27 with possible ALS. Of the 14 patients 
diagnosed with probable laboratory-supported ALS, eight switched to probable ALS and 
six to possible ALS using the Awaji recommendations; none of the patients with an ALS 
mimic was diagnosed with ALS according to the Awaji recommendations. In conclusion, 
the new criteria for ALS do not result in a loss of specificity and can potentially improve the 
sensitivity by 16%. However, this diagnostic improvement appears eliminated if patients 
with probable laboratory-supported ALS — due to UMN signs in one region — should be 
categorized as possible ALS.
Introduction
In the absence of a well defined biomarker 
for ALS, diagnosis is still primarily based on 
the clinical history, physical examination, and 
neurophysiological evidence of lower m otor 
neuron (LMN) involvement. The diagnostic 
certainty o f ALS is classified according to the El 
Escorial criteria (Brooks, 1994). These criteria 
lack sensitivity in the early stages of disease, 
and in an attem pt to increase sensitivity the 
revised El Escorial criteria introduced the cate­
gory of probable, laboratory-supported ALS, 
which consists o f upper m otor neuron (UM N) 
signs in one region and electromyographic 
abnormalities, including fibrillation poten­
tials or positive sharp waves, in two regions of 
the body (Brooks et al., 2000). Although the 
revised El Escorial criteria perform better than 
the original set, some patients never attain the 
diagnostic status of probable ALS (Zoccolella 
et al., 2006). The diagnostic delay is particu­
larly relevant in patients with fasciculations, 
and the diagnostic status o f fasciculation 
potentials (FPs) has been criticized heavily 
(W ilbourn, 1998).
Recently, the Awaji Commission proposed a 
modification of the electrodiagnostic criteria 
to increase the sensitivity of the electrodiag­
nosis of ALS w ithout loss of specificity (de 
Carvalho et al., 2008). In this modification, 
neurophysiological evidence of LM N invol­
vement is considered equivalent to clinical 
evidence, and the presence o f FPs is consi­
dered as im portant as fibrillation potentials or 
positive sharp waves. The category ‘probable 
laboratory-supported ALS’ is thereby elimi­
nated as separate entity. Although the Awaji 
recommendations are based on the literature 
and expert consensus, many of the studies 
referred to were set up to study the pathop­
hysiology o f fasciculations or to describe the 
relation of FPs to other clinical or neurophy­
siological characteristics. Recently, a study by 
de Carvalho and Swash (2009) suggested that 
the new criteria will significantly improve the 
sensitivity for establishing the diagnosis ALS. 
The implications of changes in diagnostic 
criteria for patient care and ALS research 
are considerable, which makes it essen­
tial to evaluate the Awaji recommendations 
according to the STAndards for Reporting
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of Diagnostic accuracy (STARD) studies 
(Bossuyt et al., 2003; Fuglsang-Frederiksen, 
2008; Schelhaas et al., 2008). This, in turn, 
requires retrospective data to enable predic­
tion o f the num ber o f patients to be included 
in an adequately powered study. Therefore, 
in this study we retrospectively applied the 
Awaji recommendations and compared the 
diagnoses with those made with the revised 
El Escorial criteria. We paid special attention 
to the num ber o f patients that changed diag­
nostic category because they had fasciculations 
w ithout fibrillations (Rosenfeld, 2000).
Methods
Patients
We conducted a retrospective analysis o f pros­
pectively acquired clinical and neurophysio- 
logical data for all patients who attended our 
outpatient clinic for m otor neuron diseases
— a tertiary referral centre — at the Radboud 
University Medical Centre in Nijmegen, 
between O ctober 2006 and December 2008. 
Only those patients were included in whom 
electromyography (EMG) was performed in 
our own laboratory within one week of the 
clinical assessment (usually on the same day). 
M ost patients had undergone magnetic reso­
nance imaging of the brain and the cervical 
spinal cord before referral to our centre. 
If  needed, additional investigations were 
performed at our institution. The El Escorial 
criteria were routinely used in the clinical and 
neurophysiological work-up. If ALS was the 
initial diagnosis or no alternative diagnosis 
was established, patients were followed up for 
at least six m onths. The neurologist reassessed 
the patient and ordered additional tests as 
required by the clinical situation. Progression, 
as expected from the previous history, was 
required to confirm the diagnosis. If  patients 
were not able to attend our own department 
after six m onths, reassessment and follow-up
by another registered multidisciplinary ALS 
team was permitted.
Neurophysiological examination
Nerve conduction studies were performed 
according to a standard protocol. Routinely, 
sensory nerve action potentials were recorded 
from at least one sural and one radial nerve 
(Overbeek et al., 2005). O n both sides, the 
H-reflex was recorded from the soleus muscle 
after stimulation of the tibial nerve. M otor 
nerve conduction studies were performed in at 
least one peroneal nerve, one tibial nerve, and 
one ulnar nerve. Needle EM G was performed 
with a concentric electrode. The m inim um  
protocol for patients w ith ALS consisted of 
EM G o f the tibial anterior, rectus femoris, 
mid-thoracic paraspinal, first dorsal interos- 
seus, brachial biceps, and sternocleidomastoid 
muscles on the most affected side. W hen indi­
cated, the investigator sampled more muscles. 
The EM G investigation was modified accor­
ding to the clinical differential diagnosis or 
EM G findings to investigate, for example, 
conduction block or fibrillations in additional 
muscles. In each muscle, at least 10—20 inser­
tions were made to search for fibrillations or 
positive sharp waves (Dum itru et al., 2002). 
The presence of FPs was well docum ented on 
a semi-quantitative scale (-,+,++,+++) but was 
not systematically screened for. The waveform 
and duration of m otor unit action potentials 
(MUAPs), recruitment, and the interference 
pattern at high force were assessed and docu­
mented semi-quantitatively.
In this study, only the presence (+,++, or +++) 
or absence (-) o f FPs in a particular muscle 
was addressed. The semi-quantitative scale 
provides an overall indication o f fasciculation 
intensity, but does no t differentiate between 
num ber o f positions with FPs, num ber of 
different MUs fasciculating, or firing rate. 
Furthermore, the complexity and stability of 
the FPs was not assessed. It should be noted 
that most examinations were performed before
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FIGURE 9-1. Flow diagram summarizing the inclusion of patients in the study.
the Awaji recommendations were published 
and that in most cases the neurophysiologist 
did not specifically look for FPs. The recording 
time was essentially the time between inser­
tions made to search for fibrillations or posi­
tive sharp waves.
Statistics
The num ber of patients that switched diag­
nostic category, from that established with 
El Escorial criteria to that established with 
Awaji recommendations, was calculated. The 
sensitivity and specificity were calculated. The 
num ber o f patients required to demonstrate 
a certain sensitivity with a given confidence 
interval was calculated as described by Flahault 
et al. (2005). Their tabulated power analysis 
was used to estimate the num ber o f patients 
required to confirm the sensitivity found in a 
prospective setting.
Results
O f the 248 consecutive patients who attended 
the outpatient clinic, 35 were excluded because 
their EM G was performed in the referring 
hospital and was not repeated at our centre.
The remaining 213 patients fulfilled the 
inclusion criteria (Fig. 9-1). The mean age of 
these 213 patients was 58 years. O n the basis 
o f the revised El Escorial criteria, 93 (44%) 
of the patients were diagnosed with ALS. O f 
these, 13 patients were categorized as defi­
nite ALS, 38 as probable ALS, 14 as probable 
laboratory-supported ALS, and 28 as possible 
ALS. An alternative diagnosis was present 
in 120 patients, such as (cervical) radiculo­
pathy (15 patients), spinal muscular atrophy 
(12 patients), inclusion body myositis (seven 
patients), and several other diagnoses.
O n the basis of the Awaji recommendations, 
the same 93 patients were diagnosed with 
ALS: 13 patients were categorized as definite 
ALS, 53 as probable ALS, and 27 as possible 
ALS. Seven patients switched from possible to 
probable ALS. O f  the patients in the El Escorial 
category ‘probable laboratory-supported ALS’, 
eight switched to probable ALS and six swit­
ched to possible ALS when the Awaji recom­
mendations were used. A  cross-tabulation 
of the Awaji recommendations against the 
revised El Escorial criteria is given in Table
9-1. The specificity was 100% with confidence 
intervals (CI) o f 96-100% . The El Escorial 
criteria had a sensitivity o f 55% (CI 44-65% )
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TABLE9-1. Pat e nts (N = 213) werecategorized c^ c^ cc^ rdi n g to tlie El criterit  (left)-On h^e rigwt,
t^ie patien ten/e ra tatae oi^ i^ ^d accord i ne te the Awcji tecewwenectieno teoulCine in c cteoo-tcbulctien 
e . the Awcji tecewwenectieno cecinot the tevioed El Eoceticl ctitetic. Cacneeo retw ene cttegery te 
cnetaet cte printed beld.
Awcji 2dCeeety
El Eoceticl 2dCeeety ne ALS peooible ptebcble eeri9iCe
ne ALS 120 120
peooible 28 21 7
ptebcble LS 14 6 8
ptebcble 38 38
definite 13 13
Ci CcI 213 120 27 53 13
for probable or definite ALS and 70% for 
probable laboratory-supported or higher ALS. 
The Awaji recommendations had a sensitivity 
o f 71% (CI 60—80%) for probable and defi­
nite ALS. In their evaluation, de Carvalho and 
Swash proposed using the ‘Awaji algorithm’ in 
addition to the revised El Escorial criteria (de 
Carvalho and Swash, 2009). W hen we used 
the recommendations as an algorithm, the six 
patients that had U M N  signs in one region 
were categorized as Awaji probable ALS, incre­
asing sensitivity to 77% . O f  the eight patients 
with El Escorial probable laboratory-supported 
ALS that switched to Awaji probable ALS, 
four had FPs in muscles w ithout fibrillations 
or positive sharp waves and four had EMG 
evidence of lower neuron involvement equiva­
lent to clinical signs. In our population of 93 
ALS patients, there were 25 with bulbar onset. 
Six of these patients switched to a higher cate­
gory, mainly due to non-bulbar FPs. The FPs 
that made the difference were never localized 
in weak or atrophic muscles.
Sample size calculations
In their sample size calculations, Flahault et 
al. (2005) tabulated the required num ber of 
patients with the disease against sensitivity or 
specificity. According to their study, at least
248 patients are needed to demonstrate (with 
95% power) that a test has a sensitivity o f at 
least 60% (lower lim it o f 95% confidence 
interval) if  the assumed true sensitivity is 70%. 
This refers to the num ber of patients required 
for a study aiming to demonstrate the superio­
rity o f the Awaji recommendations (sensitivity 
70 ± 10%) compared to the El Escorial criteria 
(sensitivity 50 ± 10%). Considering specificity, 
Eisen (2009b) refers to a 7% false-positive rate 
at tertiary centres. If  specificity is assumed to 
have increased to 97% and if 93% is accepted 
as the lower lim it of the confidence interval, 
the num ber of ALS patients should be at least 
309 (Flahault et al., 2005). In our sample, 
44%  o f the patients referred had ALS. Thus, at 
least about 700 referrals need to be included in 
a study with 95% power. However, the a priori 
probability o f ALS o f 44% that was found in 
our study may not be representative for all 
tertiary ALS centres. A higher a priori proba­
bility of ALS will substantially decrease the 
num ber of patients that need to be included.
Discussion
The new criteria for ALS do no t result in a 
loss o f specificity and can potentially improve
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the sensitivity by 16%. This result essentially 
confirms the findings o f another recent study 
(de Carvalho and Swash, 2009). However, 
the gain in sensitivity was smaller than that 
reported. W hile de Carvalho and Swash (2009) 
found the proportion of patients (55 in total) 
with definite ALS to increase from 53% to 
95% when the Awaji recommendations were 
used, we found no change in the proportion of 
patients with definite ALS and a comparable 
increase in the proportion of patients with 
probable ALS. This difference in sensitivity is 
possibly due to differences in the populations 
studied and in the num ber of muscles investi­
gated. The likelihood o f diagnostic error does 
no t differ between ‘probable’ and ‘definite’ 
ALS (Traynor et al., 2000). ‘Probable’ ALS is 
used as an inclusion criterion for databases and 
trials. Moreover, specificity is already 100% if 
three muscles in three different regions fulfil 
the traditional criteria (Makki and Benatar,
2007), and the neurophysiologist may not feel 
the need to investigate additional muscles if 
convinced that the patient has ALS and if El 
Escorial criteria for probable ALS are satisfied. 
However, use of a protocol with bilateral inser­
tions will mean that more muscles are sampled, 
which may make a diagnosis o f definite ALS 
possible (de Carvalho and Swash, 2009).
Fasciculation potentials
In this study, we reviewed EM G findings 
recorded before the Awaji recommendations 
were published, at a time when the impor­
tance o f FPs was not recognized. In most 
cases, there were no additional investigations 
to docum ent fasciculations. Thus, at the level 
o f a single muscle, the sensitivity to detect FPs 
may be slightly higher than reported here. The 
num ber of fasciculations detected increases 
when the neurophysiologist specifically looks 
for their presence (muscle related specificity 
will decrease), as has been demonstrated in 
ultrasound and surface EM G measurements of 
different durations (Reimers et al., 1996; Van
der Heijden et al., 1994). W hether this will 
influence the approach of the neurophysiolo­
gist and result in any differences in a by-region 
analysis and a per-patients analysis cannot be 
answered from a retrospective study alone.
The consensus paper presenting the Awaji 
recommendations extensively discussed the 
specific properties o f FPs, such as complexity 
and instability. Moreover, the authors suggest 
that FPs in a strong muscle are more suppor­
tive of a diagnosis o f ALS than FPs in a weak 
muscle. This is confirmed by our study, since 
the FPs that made the difference for a change 
to a higher diagnostic category were never 
found in weak or atrophic muscles. FPs were 
reported as being present or absent in our 
study, w ithout further investigation o f their 
properties. This does no t mean that these 
properties are not diagnostically and pathop­
hysiologically relevant. Complex FPs might 
occur exclusively in muscles with complex (i.e. 
‘neurogenic’) MUAPs. In this case, all diag­
nostic information is extracted when requiring 
the presence o f ‘neurogenic’ MUAPs and FPs.
Probable laboratory-supported ALS
In our study, not all patients with probable 
laboratory-supported ALS (requiring U M N  
involvement in one region) fulfilled the new 
criteria for probable ALS (requiring U M N  
involvement in two regions). This change in 
diagnostic category from probable laboratory- 
supported ALS to possible ALS in six of 14 
patients nearly eliminated the diagnostic yield. 
In their study in which the Awaji recommen­
dations were used as an algorithm in addition 
to the revised El Escorial criteria, de Carvalho 
and Swash (2009) found that patients with El 
Escorial probable laboratory-supported ALS 
were always categorized as Awaji probable 
ALS. Since none of our patients with probable 
laboratory-supported ALS had an ALS mimic, 
this would appear to be a sound approach 
although it complicates the application of 
the new criteria. Limiting the classification to
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possible (UM N and LM N involvement in one 
region), probable (U M N  and LM N involve­
m ent in two regions), or definite (U M N  and 
LM N involvement in three regions) ALS, and 
accepting the equivalence of neurophysiolo- 
gical and clinical evidence of LM N involve­
m ent simplifies the application o f the criteria. 
An alternative approach is to classify patients 
with U M N  signs in at least one region and 
LM N involvement in two regions as probable 
ALS. The results o f our retrospective study 
suggest that this does no t influence the speci­
ficity. A third approach would be to accept 
neurophysiological evidence of U M N  involve­
m ent as equivalent to U M N  signs. This would 
require that transcranial magnetic stimulation 
with the triple stimulation technique (TST) 
be applied in a selected population o f patients 
(Kleine et al., 2010b; Magistris et al., 1999; 
Rösler and Magistris, 2004).
Application o f the Awaji recommendations did 
no t result in a loss of specificity in our study 
group, since none of the 213 patients was 
false-positively diagnosed with ALS during 
follow-up. This is in contrast to the literature 
in which, even in tertiary centres, about 7%
of patients are wrongly diagnosed with ALS 
(Eisen, 2009b). A possible explanation for this 
is the availability and application of additional 
diagnostic tests, including laboratory investi­
gations, neuroimaging, muscle biopsy, muscle 
ultrasound, and a ‘second opinion’ examina­
tion at another academic hospital that is part 
of the same ALS centre — Academic Medical 
Centre Amsterdam (AMC) and Academic 
Medical Centre Utrecht (UM CU). A m odi­
fication of the electrodiagnostic diagnostic 
criteria for ALS will have serious implications 
for the whole field. It will influence the inclu­
sion criteria not only for clinical trials (which 
require a probable or definite diagnosis o f ALS) 
but also for epidemiological and ‘genome- 
wide’ studies.
We conclude that the Awaji recommenda­
tions appear to increase sensitivity without 
a major loss in specificity. We suggest that 
both El Escorial and Awaji recommendations 
be used until a prospective study is available. 
Collaboration between clinical neurophysiolo­
gists from several ALS clinics and centres will 
be essential to achieve adequate power in diag­
nostic studies.
Chapter 10
Summary and Outlook
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Part I -  EMG Decomposition
Decomposition is the process o f breaking down 
the EM G signal into the contributions of the 
underlying m otor unit (MU) action potentials 
(MUAP). For a successful decomposition it is 
required that MUAPs from different MUs can 
be distinguished from each other. W hen EM G 
is recorded from the skin surface, the temporal 
differences between MUAPs are small. High- 
density surface EM G (HD-sEM G) recordings 
with electrode arrays reveal the spatiotemporal 
differences that can be utilized for decompo­
sition.
In large muscles with fibres parallel to the 
skin surface, the spatial properties o f the 
MUAPs are best understood by considering 
the distribution along the fibre independently 
from the distribution perpendicular to the 
fibres (Roeleveld et al., 1997b; Roeleveld and 
Stegeman, 2002).
In Chapter 2 we demonstrated how the spatio­
temporal differences between MUAPs can be 
used (Fig. 2-3) and that the am plitude profile 
in the direction perpendicular to the muscle 
fibres contributes the most relevant infor­
m ation (Fig. 2-9). Recently, this has been 
confirmed in a computer simulation (Farina et 
al., 2008b).
Furthermore, our data show that with a 
reduced num ber o f channels (10) a reasonably 
accurate EM G decomposition is possible. This 
requires, that electrode placement is optimal, 
which is difficult to ensure before the recor­
ding is decomposed. A large num ber of elec­
trodes allows to select the best electrodes and 
increases the accuracy of decomposition.
The decomposition m ethod presented involves 
a combination o f automated and interactive 
steps, requiring tests o f reliability. In Chapter 
3 H D -sEM G  recordings were obtained from 
healthy volunteers and decomposed by two 
independent operators with lim ited trai­
ning. Agreement was addressed at different 
steps in the analysis. We found that complete
decomposition, i.e. accounting for each firing 
of all the visible MUAPs, is very reliable. 
Intermediate steps are more dependent on 
subjective judgement, resulting in unreliable 
MUAP estimates. The m ethod remains unable 
to decompose H D -sEM G  at forces above 
approximately 5 % of maximum force for the 
vastus lateralis muscle. In the future, algori­
thms that resolve superimpositions directly 
may allow decomposition up to forces of 20 % 
of maximum voluntary contraction (Holobar 
et al., 2010). but in a num ber o f cases, MUAPs 
that are too similar for decomposition remain 
(Farina et al., 2008b). Recently, Maathuis et. al 
(2008) have introduced the technique of M U  
tracking. They repeatedly recorded H D -sEM G  
for M U  num ber estimation (Van Dijk et al.,
2008) in the same subjects and were able to 
identify the same MUAPs after several weeks 
or months. This approach confirms the utility 
o f spatiotemporal inform ation and will allow 
longitudinal measurement o f reinnervation 
and M U  degeneration.
The H D -sEM G  decomposition algorithm 
devised was applied (Chapter 4) to a recording 
of fasciculation potentials (FP) from a patient 
with ALS. It was found that spatiotemporal 
properties o f different FPs can be exploited in 
the same way as for MUAPs recruited volun­
tarily. Differing from what one m ight have 
expected from needle EM G, surface poten­
tials from patients in ALS are stable and have 
a simple morphology. H D -sEM G  does not 
‘see’ contributions from single muscle fibres. 
Many muscle fibres are at a comparable 
distance from the electrode and variations that 
involve only one fibre are invisible. Stability of 
MUAPs was also found in a recent study that 
applied H D -sEM G  for M U  num ber estima­
tion in ALS (Van Dijk et al., 2010). Due to the 
stability of the FPs, spatiotemporal differences 
can be used for decomposition as described 
in Chapter 2. The automatic and interactive 
analysis o f FPs described in Chapter 4 was 
subsequently applied in Chapter 5 and 6.
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In Chapter 7 the algorithm was modified to 
search selectively for FPs that repeat them ­
selves within several tens o f milliseconds. 
This approach is m uch faster and could even 
be applied in a study involving longitudinal 
measurements in a larger cohort o f patients. 
A drawback is that doublet discharges with an 
interspike interval (ISI) o f around 5 ms cannot 
be analysed.
Part II -  Fasciculation potentials in 
ALS and ALS-mimics
The firing pattern of fasciculations was inves­
tigated in patients with ALS (Chapter 5), a 
single case of Isaac’s syndrome (Chapter 6) 
and in benign fasciculations (Chapter 7). In 
patients with ALS, the FPs were collected 
during 15 minutes and the ISI distribution 
for the MUs that fasciculated more than 100 
times was investigated. The rationale was that 
peaks in the ISI histogram correspond to a 
depolarization that brings the membrane close 
to the threshold for a new FP 
In the patients with ALS, two distinct types 
o f ISI histograms were found, reflecting the 
origin of fasciculations either in the axonal 
membrane or in the m otor neuron itself 
(Fig. 5-2). Some FPs with an axonal origin 
showed preferential discharge with an ISI of 
5 ms, which is readily explained by increased 
super-excitability known from peripheral 
nerve excitability studies (Burke et al., 2001). 
Because of the analogy between ISI analysis 
and the recovery cycle, our data support the 
concept that a large part o f ALS fascicula­
tions results from an acquired channelopathy 
with increased sodium and decreased potas­
sium conductances (Kanai et al., 2006; Vucic 
and Kiernan, 2006a). A recent study by Mills 
(2010a) confirmed the findings on short ISIs. 
Isaac’s syndrome is a rare disorder with antibo­
dies against potassium channels of the myeli­
nated axons. Besides fasciculations, patients
have twitches and cramps that correspond to 
the EM G phenom ena of multiplet- or neuro- 
myotonic discharges. The pathogenesis o f this 
peripheral nerve hyperexcitability disorder is 
well understood on the levels o f a pharmacolo­
gical animal model (Schwarz et al., 2006) and 
in computer simulations (Dimitrov, 2009). 
In our patient (Chapter 6), single FPs were 
found, together with doublet and multiplet 
discharges. W ithin each multiplet the ISI 
duration increased (Fig. 6-4). The shortest ISIs 
correspond to axonal super-excitability, while 
prolongation of the ISI within the trains is 
caused by accumulation o f potassium under the 
myelin sheath. Termination o f the discharges is 
caused by progressive inactiviation of sodium 
channels. Availaibility of sodium channels can 
be reduced by carbamazepine that effectively 
reduces cramps. Although clinically very diffe­
rent from ALS, Isaac's syndrome confirms that 
fasciculations, doublets, multiplets and neuro­
myotonia are gradations of the same abnorma­
lity that is also present in ALS.
We collected (Chapter 5) firings from axonal 
FPs. Some of them, probably even the majo­
rity, m ust have originated in the intramus­
cular arborisation o f the m otor axon. An 
action potential that arises distally propagates 
to all the muscle fibres o f the M U, but also 
antidromically to the m otor neuron (Roth, 
1982). Therefore, an F-response is expected 
to occur after some of the FPs (Roth, 1984). 
An FP and its F-response have almost iden­
tical spatiotemporal properties and an ISI 
that corresponds to the length of the nerve. 
In the ISI histograms from patients with ALS 
(Fig. 5-3) no peak attributable to F-responses 
was found. By chance, we observed FPs with 
an F-response in a patient that turned out 
to have benign fasciculations. Therefore, we 
systematically searched for F-responses in 
recordings from patients with ALS and from 
patients with benign fasciculations (Chapter 
7). It appeared that in both groups and also 
in healthy subjects FPs with F-response can be
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recorded. The discrepancy between the results 
in Chapter 5 and those in Chapter 7 may be 
explained by the hypothesis that a M U  that 
fasciculates at a high rate (required in Chapter 
5) is unable to produce F-responses. Such a 
hypothesis requires that hyperexcitability of 
the distal axon is associated with changes in 
the m otor neuron that precludes back-firing 
of F-responses. Another hypothesis is that the 
axonal fasciculations of Chapter 5 arise proxi­
mally, probably at the axon hillock. To resolve 
the question, longitudinal tracking of a M U  
with fasciculations through different stages of 
the disease, excitability testing o f the FP, or 
paired pulse F-responses may be useful. In any 
case, the occurrence of FPs with F-responses 
in a benign condition suggests that ectopic 
discharges from the distal axon are no t a 
marker o f progressive neurodegeneration. 
Fasciculations and cramps have been suggested 
as biomarkers o f disease progression (Turner et 
al., 2009). O ne large study recorded the distri­
bution o f fasciculations in detail (Chio et al., 
2009; Paillisse et al., 2005). Widespread fasci­
culations were associated with faster progres­
sion, also after correction for other clinical 
markers such as muscle atrophy, age, gender 
or diagnostic delay. This contrasts with a study 
by M ateen et al. (2008), who found no rela­
tion between the rate o f FPs and progression. 
The question what the relation between FPs 
and natural history is and how fasciculations 
are related to cramps needs a larger cohort. A 
representative duration of the recording from 
different regions of the body (H jorth et al., 
1973) will be necessary.
Part III -  Diagnostic studies in ALS
We performed a diagnostic study (Chapter 8) 
o f the triple stimulation technique (TST) in 
suspected ALS. We applied the standards for 
the reporting o f diagnostic accuracy studies 
(STARD) (Bossuyt et al., 2003). The study
was blinded and the num ber of stimuli and 
the criteria for abnormality were prospectively 
defined. Analysis was done by intention-to-test. 
In patients that had a m otor neuron disorder, 
but did no t fulfil the El Escorial criteria for 
‘probable’ or ‘definite’ ALS most abnormal 
TST findings were subclinical (Fig. 8-3). In 
this pre-selected group, the num ber needed to 
test with TST for one extra diagnosis shifting 
to ‘probable’ or ‘definite’ ALS was 4.5. Based 
on this diagnostic study within the framework 
of the revised El Escorial criteria, TST adds 
certainty in the diagnosis o f ALS. Most diag­
nostic changes occur in patients coming from 
‘probable laboratory supported’ ALS.
During the progress o f our TST study, the 
Awaji criteria were published (de Carvalho et 
al., 2008). As exemplified by Bachmann et al. 
(2005), accuracy o f a test depends on the ‘gold’ 
standard and a new diagnostic study would 
be necessary to establish the value o f TST  in 
the context o f the Awaji criteria. EM G  and 
neurological examination are weighted equally 
for lower m otor neuron (LMN) abnorma­
lity in the Awaji criteria. The same approach 
to upper m otor neuron (UM N) signs in the 
cervical region could allow TST to replace 
reflex abnormality. The removal o f ‘probable 
laboratory supported’ ALS results in a some­
what counterintuitive reduction of diagnostic 
sensitivity in patients with U M N  signs in one 
region only. TST could be used to resolve this. 
The Awaji criteria were applied retrospectively 
in Chapter 9, and an increase in sensitivity 
w ithout a loss o f specificity was found. The 
increase was due to the equivalence of EMG 
abnormality to clinical LM N signs and due 
to ‘fasciculations w ithout fibrillations’. Both 
factors contributed equally. Two retrospec­
tive studies with a very similar designs have 
been published recently (Chen et al., 2010; 
Douglass et al., 2010) and have confirmed 
our results. In Table 10-1 the data from all 
the 488 patients are pooled. The num ber of 
patients receiving a diagnosis o f probable
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El Escorial revised El Escorial
1 de Carvalho (2009)
2 Douglass (2010)
3 Boekestein (2010)
4 Chen (2010)
1+2+3+4
2+3
Awaji Awaji algorithm
1 de Carvalho (2009)
2 Douglass (2010)
3 Boekestein (2010)
4 Chen (2010)
1+2+3+4 
2+3
FIGURE 10-1. Sensitivity of the different sets of criteria, for the 4 different studies and 
after pooling two of them or all of them. Pooling all studies (N=301 patients with ALS) 
results in estimated sensitivities of 49% (43-54%), 59 % (53-64%) and 76% (71-81%) for 
the three different criteria. Only two studies (N=200) reported sufficient details for prob­
able laboratory supported ALS, resulting in sensitivities of 40 % (33-47%), 47% (40-55%), 
66% (58-72%) and 69% (62-75%).
(laboratory supported) ALS or higher, incre­
ased from 110 by El Escorial criteria via 138 
by the revised El Escorial criteria to 175 by 
the Awaji criteria. As m entioned above (Table
9-1), about half the patients with ‘probable 
laboratory supported’ ALS decreased in cate­
gory to Awaji ‘possible’ ALS. De Carvalho and 
Swash (2009) and Chen et al. (2010) used the 
Awaji criteria on top of the revised El criteria, 
which is equivalent to the re-introduction of a 
category with U M N  signs in one region toge­
ther with LM N signs or EM G abnormality in 
two regions (Fig. 1-1). The sensitivity o f the 
different sets o f criteria, along with the 95% 
confidence interval calculated according to 
Newcombe (1998) is presented in Fig. 10-1. It 
seems that that the studies differ considerably 
and the high sensitivity found initially is not 
consistently replicated. However, this hetero­
geneity is already present in the classification 
based on clinical findings alone, suggesting 
spectrum bias rather than differences in the 
neurophysiological methodology (Ransohoff 
and Feinstein, 1978).
Outlook -  Validation o f  the Awaji 
criteria as a test for ALS
The Awaji criteria can be regarded as a new 
‘diagnostic test’ for ALS and their introduction 
can be discussed from a neurophysiologic or an 
epidemiological perspective.
O ne of the issues to be discussed is the 
complexity of FPs, which was introduced as 
a new criterion. The association of complex 
FPs with ALS in general and with distal axonal 
abnormality in particular has been demon-
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TABLE 10-1. Pooled analysis of our data (N=213) together with two other retrospective studies with 205 
and 70 patients. Discordant cases, i.e. changes in diagnostic certainty, are highlighted.
Awaji category
El Escorial category no ALS possible probable definite
no ALS 214 213 1
possible 136 93 43
probable LS 28 6* 22
probable 83 79 4
definite 27 27
total 488 213 100 144 31
*Chen et. al did not report the number of patients that would decrease in category.
strated by de Carvalho and Swash (1998), but 
the lack of clinical studies has been criticized 
(Schelhaas et al., 2008). In Chapter 9 and in 
the retrospective study by Chen et al. (2010), 
the complexity of FPs was not recorded 
while in the study by Douglass et al. (2010) 
complexity was required for an Awaji positive 
classification. The studies have the same results 
with respect to specificity, suggesting that 
complexity is n o t critical (Kleine et al., 2010a). 
Mills (2010a) carefully recorded FPs from 
patients w ith ALS and benign fasciculations. 
For a num ber of waveform characteristics they 
found no relevant differences between patient 
groups. Although designed as a physiological 
study, it provides sufficient evidence to exclude 
any differential diagnostic value o f complexity. 
Nevertheless, the observation of complex FPs 
as typical finding in ALS needs some consi­
deration. It is best explained by the fact that 
several occurrences o f the same FP need to be 
assessed before complexity or instability can 
be evaluated. In a muscle with many FPs per 
m inute complexity is easier to demonstrate. In 
other words: In routine EMGs, the chance to 
report complex FPs reflects the time needed to 
demonstrate complexity, which in turn corre­
lates with the overall firing rate. Discharge 
rates are low in benign fasciculations, higher 
in ALS and increase further progression (Mills,
2010a). Due to the correlation between the 
findings, complexity is found more often in 
ALS, but does no t carry independent diag­
nostic information. We therefore agree with 
Mills that “any fasciculation will do”.
Another problem is the retrospective nature 
of the diagnostic studies, which implies that 
most o f the patients were seen before the 
Awaji criteria were released. Depending on 
previous findings, the diagnostic criteria and 
an estimated chance to find an abnormality, 
the neurophysiologist will decide whether 
to investigate an additional muscle or not. 
Fibrillations and positive sharp waves occur 
more often in distal muscles and weak muscles, 
while FPs are more prevalent in proximal and 
strong muscles (Krarup, 2010). All other 
things being equal, a high num ber of distal 
insertions is a sensible El-Escorial strategy, 
while leaving the needle in a single proximal 
muscle for 90 seconds (Mills, 2010b) may 
be the complimentary Awaji approach. Both 
strategies would then result in different EMG 
reports and in a different EMG-database. 
This makes it impossible to be sure about the 
num ber o f different EM G diagnoses from a 
retrospective study. Thus, specificity must be 
expected to be overestimated by our and the 
other retrospective studies. W ith one set of 
criteria and in patients with an unequivocal
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diagnosis o f ALS, the EMG-strategy and the 
num ber of sampled muscles differs greatly 
between neurophysiologists (Pugdahl et al., 
2010). Even more variation will be present in 
cases with uncertainty. Therefore, validation 
requires a prospective multi-centre study to 
account for variable referral patterns and local 
EM G traditions.
In recent literature, concepts for the evalua­
tion o f diagnostic tests have proposed, that go 
beyond sensitivity and specificity. A diagnosis 
explicitly or implicitly aims at prognosis, thus 
inform ation on progression is required in diag­
nostic studies (Lijmer et al., 2009).
For a study to validate the Awaji criteria, the 
following should be considered: Using EMG 
inform ation in the decision to include a patient, 
exclusion of incomplete EMGs or inconclu­
sive results will result in an overestimation of 
accuracy (Leeflang et al., 2008). Obviously, 
the diagnosis according to the different criteria 
is the outcome, with progression serving as the 
gold standard. From a patient perspective, the 
duration of uncertainty may be an im portant 
variable. For subgroups o f patients, a shorte­
ning of the time to diagnosis by 3,8 months on 
average may be expected (Okita et al., 2011). 
Clinical information that is usually assessed 
together with the EM G m ust be considered 
in a multivariate analysis to account for any 
correlation between symptoms, signs and 
findings (Moons et al., 2004). An example of 
such a correlation is the fact that needle EMG 
of the tongue rarely shows spontaneous acti­
vity in a tongue that is n o t atrophic (Sonoo 
et al., 2009). Although it is highly specific 
(univariate approach), EM G of the tongue is 
redundant within the Awaji criteria (multi­
variate approach). A database that contains 
the electro-clinical correlations allows a data- 
driven derivation o f criteria (Koski et al.,
2009). A multi-centric study that collects 
clinical and EM G data in the ESTEEM data­
base (Vingtoft et al., 1994) is ongoing.
Before a new test can replace an old one as a
reference standard, it must be investigated if 
the same patients are diagnosed (Glasziou 
et al., 2008). The Awaji criteria extend the 
spectrum of ALS extends by 26%  (vs. revised 
El Escorial) or 59% (vs. El Escorial, Table
10-1). A patient that fulfils the Awaji criteria 
but no t the El Escorial criteria m ust be early 
in the course of the disease or is less severely 
affected. In both cases, one would expect a 
longer survival time. The dimension of this 
effect is unknown and is obviously relevant in 
the management o f individual patients. In a 
clinical trial such differences would introduce 
heterogeneity that reduces statistical power 
or requires stratification (Cudkowicz et al.,
2010).
The evidenced-based era of clinical neurophy­
siology in ALS has STARDed and the Awaji 
criteria are now supported by data from larger 
cohorts than previously available. In spite 
of that, prospective studies are required for 
evidence-based diagnosis.
Ideally a prospective study should be 
performed, with the study protocol published 
or registered before starting prospective 
inclusion. Patients should be included when 
the decision to perform an EM G is taken 
(intention-to-test). Depending on the local 
situation, this will be at referral to the m otor 
neuron disorders clinic or referral for EMG. 
Primary outcome measure has to be the 
accuracy of the criteria with respect clinical 
progression on follow-up as the gold standard. 
Another primary outcome measure can be the 
num ber of patients that have a clear diagnosis 
only after follow-up. One of the secondary 
outcome measures is the ability to predict a 
typical course of ALS with respiratory distress 
and death within 3 years. A data-driven 
analysis will derive an optim um  set o f muscles 
to be investigated. Review of clinical diag­
noses, EM G strategies, tabulated reports and 
raw EM G signals will to be performed to assess 
reliability at different levels.
Hoofdstuk 11
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H et hoofdthem a van dit proefschrift omvat de abnormale ontladingen van m oto­
rische eenheden (M U ’s) die aanleiding geven 
to t de bij amyotrofische lateraal sclerose (ALS) 
zichtbare fasciculaties. Meer specifiek was 
de vraag of het optreden van een fasciculatie 
alleen door toeval wordt bepaald. Een niet- 
toevallig patroon zou inzicht kunnen geven 
in het ontstaan van fasciculaties. Voorwaarde 
voor een dergelijk onderzoek is een methode 
waarmee voldoende fasciculaties gemeten 
kunnen worden. In deel I werd een methode 
voor de decompositie van het “high-density” 
oppervlakte elektromyografie (HD-sEM G) 
ontwikkeld en getoetst. Vervolgens w ordt in 
deel II deze analyse toegepast bij patiënten met 
fasciculaties.
H et onderwerp van deel III is de neurofy­
siologische diagnostiek bij patiënten met 
ALS. De diagnose ALS is geformaliseerd in 
de zogenaamde El Escorial criteria. O m  de 
diagnose te kunnen stellen, dient het klinisch­
neurologisch onderzoek perifere en centrale 
uitvalsverschijnselen te tonen. De uitgebreid­
heid en verdeling van de afwijkingen wordt 
vervolgens vertaald naar een mate van diag­
nostische zekerheid (Fig. 1-1). De diagnosti­
sche criteria hebben een lage sensitiviteit, deels 
omdat een betrouwbare test voor het centraal 
motorisch neuron ontbreekt. De triple stimu­
latie techniek (TST) is een uitbreiding van 
transcraniële magnetische stimulatie (TMS) 
m et een collisietechniek en maakt het moge­
lijk om een subklinische piramidebaanstoornis 
op te sporen. O m  het n u t van deze methode 
in de diagnostiek te bewijzen, verrichtten we 
een diagnostische studie. De lage sensitiviteit 
van de El Escorial criteria was ook de aanlei­
ding voor nieuwe elektrofysiologische criteria, 
gepubliceerd als Awaji consensus in 2008. De 
belangrijkste verandering betreft de betekenis 
van fasciculatiepotentialen (FP’s). In hoofd­
stuk 9 worden de nieuwe criteria retrospectief 
toegepast en met de El Escorial criteria verge­
leken .
Deel I - Decompositie van het EMG 
signaal
Decompositie is het opbreken van het samen­
gestelde EM G signaal in de door verschillende 
M U ’s gegenereerde actiepotentialen en hun 
herhalingen (het vuurpatroon). Bij opper- 
vlakte-EMG is de golfvorm van de actiepoten- 
tiaal nauwelijks verschillend tussen de M U ’s. 
Doordat bij H D -sEM G  op een groot aantal 
plaatsen de actiepotentialen gemeten worden 
zijn de spatiotemporele verschillen tussen de 
deelsignalen bruikbaar voor decompositie. 
Voor spieren m et een vezelrichting parallel 
aan het huidoppervlak, kunnen de spatiotem- 
porele eigenschappen van de actiepotentialen 
bestudeerd worden door onafhankelijk van 
elkaar in de vezelrichting en loodrecht daarop 
te kijken.
In hoofdstuk 2 laten we zien hoe de spatiotem- 
porele verschillen tussen actiepotentialen van 
M U ’s (M UAP’s) gebruikt kunnen worden en 
dat het amplitudeprofiel in de richting lood­
recht op de spiervezels de meeste informatie 
bevat. U it de data blijkt dat m et een beperkt 
aantal kanalen (10) een redelijk nauwkeurige 
decompositie mogelijk is. D it vereist echter 
een optimale elektrodeplaatsing, hetgeen een 
lange voorbereiding van de meting zou vergen. 
Een groter aantal elektroden maakt het moge­
lijk de beste positie achteraf te kiezen.
De decompositie m ethode berust op een 
combinatie van geautomatiseerde en interac­
tieve stappen. Vanwege dit laatste aspect dient 
de reproduceerbaarheid onderzocht te worden. 
In hoofdstuk 3 werden H D -sEM G  registraties 
bij gezonde proefpersonen verricht en deze 
werden door twee onafhankelijke onderzoe­
kers geanalyseerd. Bij volledige decompositie 
werd een goede overeenstemming bereikt. 
De twee onderzoekers bereiken een volledige 
en correcte decompositie soms via verschil­
lende tussenstappen. De toepasbaarheid van 
de m ethode blijft beperkt to t een laag krachts-
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niveau. De principes van decompositie op 
basis van spatiotemporele informatie worden 
inmiddels ook gebruikt voor het schatten van 
het aantal M U ’s (“M U  num ber estimation”) of 
het vervolgen van M U ’s over meerdere weken 
o f maanden (“M U  tracking”).
In hoofdstuk 4 werd het H D -sEM G  decom­
positie algoritme gebruikt voor de analyse van 
FP’s van een patiënt m et ALS. Op dezelfde 
manier als bij M UAP’s zijn spatiotemporele 
verschillen bruikbaar voor het onderscheid 
tussen FP’s afkomstig van verschillende M U ’s. 
Anders dan men zou kunnen verwachten, is 
de vorm van FP’s in het H D -sEM G  stabiel. 
De automatische en interactieve analyse van 
de FP’s beschreven in hoofdstuk 2 en 4 werd 
vervolgens toegepast in de hoofdstukken 5 en
6. In hoofdstuk 7 werd het algoritme aange­
past voor FP’s die zich binnen enkele tientallen 
milliseconden herhalen
Deel II -  Fasciculatiepotentialen bij 
patiënten met ALS en ALS-mimics
H et vuurpatroon van fasciculaties werd onder­
zocht bij patiënten m et ALS (hoofdstuk 5), 
één patiënte m et het zeer zeldzame syndroom 
van Isaac (hoofdstuk 6) en bij patiënten met 
benigne fasciculaties (hoofdstuk 7). Met 
behulp van H D -sEM G  zijn FP’s gedurende 
ongeveer 15 m inuten continu gemeten. U it 
het vuurpatroon werd de verdeling van inter­
vallen tussen de ontladingen, het zogenaamde 
interspike interval (ISI) histogram bepaald. De 
achterliggende gedachte was dat het ISI histo­
gram overeenkomt m et het verloop van de 
membraanpotentiaal in de tijd.
Bij de patiënten m et ALS werden twee verschil­
lende types ISI histogrammen gevonden 
(hoofdstuk 5). D it wijst er op dat fasciculaties 
hun oorsprong ofwel in het axonale membraan 
ofwel in de voorhoorncel zelf hebben. Sommige 
FP’s met een axonale oorsprong bleken vaak 
m et een interval van 5 ms te ontladen, hetgeen
eenvoudig verklaard kan worden door de 
supernormaliteit van perifere axonen vlak na 
de ontlading. De bevindingen uit hoofdstuk 
5 ondersteunen het concept dat een groot 
deel van de fasciculaties bij ALS het gevolg 
is van een verworven zogenaamde kanalopa- 
thie met een toegenomen natrium stroom  en 
een afgenomen kaliumstroom in het axonale 
membraan.
H et syndroom van Isaac is een zeer zeldzame 
aandoening waarbij antilichamen tegen kali- 
umkanalen van gemyeliniseerde axonen voor­
komen. Naast fasciculaties hebben patiënten 
spierstijfheid en krampen . Bij EMG-onderzoek 
worden doublets en neuromyotone ontla­
dingen gevonden. De pathogenese van deze 
aandoening is in farmacologische diermo- 
dellen en in computersimulaties onderzocht en 
kan derhalve als model voor abnormale prik­
kelbaarheid van axonen worden gebruikt. Ook 
bij deze patiënte (hoofdstuk 6), werden FP’s 
in isolatie, maar ook in zogenaamde doublets 
en multiplets gevonden. Binnen elk m ulti­
plet worden de interspike intervallen steeds 
langer. De kortste ISI’s komen overeen met 
axonale supernormaliteit, terwijl de ophoping 
van kalium onder de myelineschede to t een 
verlenging van de intervallen leidt. Een m ulti­
plet wordt pas onderbroken als er een groot 
aantal natriumkanalen inactief wordt. H et 
anti-epilepticum carbamazepine verandert de 
inactiviteit van natriumkanalen, waardoor een 
vermindering van krampen optreedt. Hoewel 
het syndroom van Isaac klinisch sterk verschilt 
van ALS, bevestigen onze resultaten dat fasci­
culaties, doubletten, multipletten en neuro­
myotonie verschillende gradaties van dezelfde 
afwijking zijn, die ook bij ALS aanwezig kan 
zijn.
In hoofdstuk 5 hebben we een groot aantal 
axonale FP’s verzameld en beschreven. Een 
belangrijk deel is afkomstig uit de intramus­
culaire vertakkingen van motorische axonen. 
Een actiepotentiaal dat distaal ontstaat wordt 
ook antidroom naar de voorhoorncel voortge­
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leid. Daarom is bij een deel van de FP’s een 
F-respons te verwachten, het terugvuren van 
een actiepotentiaal vanuit de voorhoorncel. In 
tegenstelling to t de verwachting vonden we in 
de ISI histogrammen van patiënten met ALS 
echter geen evidentie voor F-responsen. Bij 
toeval zagen we wel FP’s met een F-respons bij 
een patiënt m et benigne fasciculaties. Daarom 
werd in hoofdstuk 7 systematisch gezocht naar 
F-responsen in H D -sEM G  registraties van 
zowel ALS patiënten als patiënten m et benigne 
fasciculaties. H et bleek dat in beide groepen, 
maar ook in gezonde proefpersonen FP’s met 
een F-respons mogelijk zijn. De discrepantie 
tussen de resultaten in hoofdstuk 5 en die in 
hoofdstuk 7 kan worden verklaard door aan te 
nem en dat een M U  m et veel fasciculaties (een 
van de inclusiecriteria in hoofdstuk 5) niet in 
staat is to t het genereren van een F-respons. 
Een dergelijke hypothese vereist dat hyperexci- 
teerbaarheid van het distale axon geassociëerd 
is met veranderingen in de voorhoorncel zelf. 
Een alternatieve hypothese is dat de axonale 
fasciculaties van hoofdstuk 5 proximaal 
ontstaan, mogelijk bij de eerste knoop van 
Ranvier.
Deel III -  Diagnostisch onderzoek 
bij ALS
Hoofdstuk 8 beschrijft een prospectieve studie 
over de waarde van TST  in de diagnostiek 
van (mogelijke) ALS. Voor het vakgebied 
klinische neurofysiologie is het rapporteren 
volgens de in 2003 verschenen STARD- 
richtlijnen (STAndards for the Reporting of 
Diagnostic accuracy studies) relatief nieuw. 
Hoewel STARD slechts een aanbeveling voor 
de publicatie is, heeft de strikte naleving van 
deze principes een verbetering van de onder­
zoeksopzet to t gevolg. In hoofdstuk 8 werden 
de de resultaten van de TST pas achteraf 
bekendgemaakt om het diagnostisch proces 
niet te beïnvloeden. Er werd een zogenaamde
“intention-to-test” analyse uitgevoerd. D it 
houdt in dat niet uitgevoerde, onvolledige of 
niet interpreteerbare metingen meegenomen 
zijn. De doelgroep voor TST waren patiënten 
met een motorisch voorhoornlijden, maar 
onvoldoende afwijkingen voor de diagnose 
‘probable’ o f ‘definite’ ALS. Primaire uitkomst- 
maat van de studie was “num ber needed to test 
w ith T S T ” (NN -TST) — het aantal patiënten 
dat T ST  ondergaat voordat bij een (extra) 
patiënt een stap in de diagnose naar ‘probable’ 
o f ‘definite’ ALS gemaakt wordt. In deze groep 
werden veelal subklinische afwijkingen bij 
TST gevonden, waardoor de N N -T ST  4,5 
was, m et een betrouwbaarheidsinterval 2,4 
- 33. Hoofdstuk 8 toont derhalve een statis­
tisch significante toevoeging van diagnostische 
zekerheid door TST aan. Tijdens de inclusie- 
periode van deze TST-studie werden nieuwe 
diagnostische criteria voor ALS, de Awaji 
consensus gepubliceerd. De nauwkeurigheid 
van een diagnostische test is afhankelijk van de 
gouden standaard en strikt genomen zou een 
nieuwe diagnostische studie nodig zijn om de 
waarde van TST  binnen de Awaji criteria te 
laten zien.
In hoofdstuk 9 zijn de Awaji criteria retrospec­
tief op de bevindingen van het neurologisch 
onderzoek en de EM G uitslagen van 213 
patiënten toegepast. Er wordt een toename 
van de sensitiviteit gevonden, deels door de 
combinatie van klinische en elektrofysiologi­
sche afwijkingen en deels door het zwaardere 
gewicht van FP’s. Inmiddels zijn twee andere 
retrospectieve onderzoeken met een vergelijk­
bare opzet gepubliceerd. D it maakt een meta­
analyse van de sensitiviteit mogelijk (tabel 
en afbeelding 10-1). In deze samengevoegde 
populatie van 301 patiënten m et ALS neem t 
de sensitiviteit van 47 % (revised El Escorial 
criteria) toe naar 69 % (Awaji algoritme). In 
onze studie en in de andere drie studies zijn 
geen aanwijzingen gevonden voor een veran­
dering van de sensitiviteit. Voor routinematig 
gebruik van de Awaji criteria zijn twee bela-
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rijke kanttekeningen te plaatsen. 1) De keuze 
van de onderzochte spieren wordt beïnvloed 
door de criteria. Voor een Awaji-diagnose zijn 
m inder spieren noodzakelijk, waardoor een 
retrospectieve studie de specificiteit mogelijk 
overschat. 2) Binnen de Awaji criteria is het 
spectrum van probable ALS 26 % breder dan 
in de reviseerde El Escorial criteria en 59 % 
breder dan in de oorspronkelijke El Escorial 
criteria. Toekomstige klinische trials op 
basis van de Awaji criteria gaan derhalve een 
andere patiëntenpopulatie includeren dan te 
verwachten bij de El Escorial criteria.
Toekomstperspectief
H D -sEM G  is een waardevolle techniek voor 
onderzoek naar neurogene positieve spierfeno- 
menen zoals fasciculaties o f neuromyotonie. 
Voor de diagnostiek van neuromusculaire 
aandoeningen blijft het naald-EM G, binnen­
kort na een combinatie van geleidingson- 
derzoek en spierechografie, de standaard. In
vergelijking m et het naald-EM G ligt de kracht 
van het oppervlakte-EMG in het non-inva- 
sieve karakter en het bredere gezichtsveld. Er 
kan m inuten to t uren gemeten worden, uitein­
delijk resulterend in celfysiologisch interpre­
teerbare analyses van neuronaal vuurgedrag 
op een tijdschaal van enkele milliseconden. 
Daardoor kan in de toekomst de exacte relatie 
tussen krampen en fasciculaties onderzocht 
worden. In combinatie met elektrische stim u­
latie is H D -sEM G  inmiddels in staat een 
MUAP in de tijd te vervolgen. Daardoor zijn 
longitudinale studies mogelijk, bijvoorbeeld 
om na te gaan of fasciculaties een voorstadium 
van celdood zijn.
Voor de diagnostiek van ALS is inmiddels 
begonnen m et de registratie van klinische 
gegevens en EMG-verslagen in een Europese 
multicenter database. H ierdoor kan de onaf­
hankelijke diagnostische bijdrage van het 
EM G achterhaald worden: H et evidence based 
medicine tijdperk voor de KNF is van STARD 
gegaan!
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Abbreviations
ALS amyotrophic lateral sclerosis
CMAP com pound muscle action potential
EMG electromyography, electromyogram
FP fasciculation potential
HD-sEM G high-density surface EM G
ISI interspike interval
LM N lower m otor neuron (lesion)
M EP m otor evoked potential
M U m otor unit
MUAP m otor unit action potential
M VC maximum voluntary contraction
N N -TST num ber needed to test with triple stimulation
PMA progressive muscular atrophy
STARD standards for the reporting of diagnostic accuracy studies
TM S transcranial magnetic stimulation
TST triple stimulation technique
U M N upper m otor neuron (lesion)

List o f  publications I 155
List of publications
M ulder ER, Horstm an AM, Gerrits K, Massa 
M , Kleine BU, de HA, Belavy DL, Felsenberg 
D, Zwarts M, Stegeman DF. Enhanced 
physiological tremor deteriorates plantar flexor 
torque steadiness after bed rest. J Electromyogr 
Kinesiol 2011; 21:384-393
Kleine BU, Boekestein WA, Arts IM, Zwarts 
MJ, Schelhaas HJ. Awaji criteria: too complex? 
J Neurol Neurosurg Psychiatry 2010; eLetter 
June 23, 2010:
Boekestein WA, Kleine BU, Hageman G, 
Schelhaas HJ, Zwarts MJ. Sensitivity and 
specificity o f the ‘Awaji’ electrodiagnostic 
criteria for amyotrophic lateral sclerosis: retro­
spective comparison of the Awaji and revised 
El Escorial criteria for ALS. Amyotroph Lateral 
Scler 2010; 11:497-501
Stegeman DF, van de Ven W J, van Elswijk GA, 
Oostenveld R, Kleine BU. The alpha-moto­
neuron pool as transmitter o f rhythmicities in 
cortical m otor drive. Clin Neurophysiol 2010; 
121:1633-1642
van Schaik IN, Eftimov F, van D oorn PA, 
Brusse E, van den Berg LH, van der Pol 
WL, Faber CG, van O ostrom  JC, Vogels OJ, 
H adden RD, Kleine BU, van Norden AG, 
Verschuuren JJ, Dijkgraaf M G , Vermeulen 
M. Pulsed high-dose dexamethasone versus 
standard prednisolone treatm ent for chronic 
inflammatory demyelinating polyradiculoneu­
ropathy (PRED ICT study): a double-blind, 
randomised, controlled trial. Lancet Neurol
2010; 9:245-253
Kleine BU, Schelhaas HJ, van Elswijk G, 
de Rijk M C, Stegeman DF, Zwarts MJ.
Prospective, blind study o f the triple stimu­
lation technique in the diagnosis o f ALS. 
returned by Neurology, rejected by Brain, 
rejected by J Neurol Neurosurg Psychiatry, 
Amyotroph Lateral Scler 2010; 11:67-75
Fermont J, Arts IM, Overeem S, Kleine BU, 
Schelhaas HJ, Zwarts MJ. Prevalence and 
distribution of fasciculations in healthy adults: 
Effect o f age, caffeine consumption and exer­
cise. Amyotroph Lateral Scler 2010; 11:181­
186
M ulder ER, Gerrits KH, Kleine BU, Rittweger 
J, Felsenberg D, de HA, Stegeman DF. High- 
density surface EM G study on the time course 
of central nervous and peripheral neuromus­
cular changes during 8 weeks of bed rest 
with or w ithout resistive vibration exercise. J 
Electromyogr Kinesiol 2009; 19:208-218
Schelhaas HJ, Kleine BU, Zwarts MJ. 
Electrodiagnostic criteria for ALS: time to 
STARD. Clin Neurophysiol 2008; 119:1689­
1690
Van Elswijk G, Kleine BU, Overeem S, 
Eshuis B, Hekkert KD, Stegeman DF. Muscle 
imaging: mapping responses to transcranial 
magnetic stimulation with high-density surface 
electromyography. Cortex 2008; 44:609-616
Kleine BU, Stegeman DF, Schelhaas HJ, 
Zwarts MJ. Firing pattern of fasciculations 
in ALS: evidence for axonal and neuronal 
origin. rejected by Brain, rejected by J 
Neurol Neurosurg Psychiatry, rejected by J 
Neurophysiol, rejected by J Physiol, Neurology 
2008; 70:353-359
156 I List o f publications
Kleine BU, Stegeman DF, Drost G, Zwarts 
MJ. Interspike interval analysis in a patient 
w ith peripheral nerve hyperexcitability and 
potassium channel antibodies. Muscle Nerve 
2008; 37:269-274
Kleine BU, van Dijk JP, Zwarts MJ, Stegeman 
DF. Inter-operator agreement in decomposi­
tion of m otor unit firings from high-density 
surface EMG. J Electromyogr Kinesiol 2008; 
18:652-661
D rost G, Kleine BU, Stegeman DF, van 
Engelen BG, Zwarts MJ. Fasciculation poten­
tials in high-density surface EMG. J Clin 
Neurophysiol 2007; 24:301-307
Schelhaas HJ, Arts IM, Overeem S, H outm an 
CJ, Janssen H, Kleine BU, M unneke M, 
Zwarts MJ. Measuring the cortical silent 
period can increase diagnostic confidence 
for amyotrophic lateral sclerosis. Amyotroph 
Lateral Scler 2007; 8:16-19
Kleine BU, Stegeman DF. Stimulating motor 
wisdom. J Appl Physiol 2007; 102:1737-1738
Van Elswijk G, Kleine BU, Overeem S, 
Stegeman DF. Expectancy induces dynamic 
modulation of corticospinal excitability. J 
Cogn Neurosci 2007; 19:121-131
Kleine BU, van Dijk JP, Lapatki BG, Zwarts 
MJ, Stegeman DF. Using two-dimensional 
spatial inform ation in decomposition o f surface 
EM G signals. rejected by J Neurophysiol, 
rejected by J Appl Physiol, rejected by J 
Neurosci Methods, J Electromyogr Kinesiol 
2007; 17:535-548
Stegeman DF, Pillen S, Kleine BU, Zwarts MJ. 
Bridging function and structure of the neuro­
muscular system. Clin Neurophysiol 2006; 
117:1169-1172
Zwarts MJ, Lapatki BG, Kleine BU, Stegeman 
DF. Surface EMG: how far can you go? Suppl 
Clin Neurophysiol 2004; 57:111-119
G rundm ann K, Jaschonek K, Kleine B, 
Dichgans J, Topka H. Aspirin non-responder 
status in patients with recurrent cerebral 
ischemic attacks. J Neurol 2003; 250:63-66
Schumann NP, Biedermann FH, Kleine BU, 
Stegeman DF, Roeleveld K, Hackert R, Scholle 
H C . M ulti-channel EM G of the M. triceps 
brachii in rats during treadmill locomotion. 
Clin Neurophysiol 2002; 113:1142-1151
Kleine BU, Stegeman DF, M und D, Anders 
C. Influence of m otoneuron firing synchroni­
zation on SEMG characteristics in dependence 
of electrode position. J Appl Physiol 2001; 
91:1588-1599
Kleine BU, Praamstra P, Stegeman DF, Zwarts 
MJ. Impaired m otor cortical inhibition in 
Parkinson’s disease: m otor unit responses to 
transcranial magnetic stimulation. Exp Brain 
Res 2001; 138:477-483
Kleine BU. Einfluss von Haltung und 
Erm üdung auf das Elektromyogramm des 
M. trapezius. Doctoral dissertation Friedrich- 
Schiller-Universität Jena 2001
Kleine BU, Blok JH , Oostenveld R, Praamstra 
P, Stegeman DF. Magnetic stimulation- 
induced modulations o f m otor unit firings 
extracted from multi-channel surface EMG. 
Muscle Nerve 2000; 23:1005-1015
Kleine BU, Schumann NP, Stegeman DF, 
Scholle H C . Surface EM G mapping of the 
hum an trapezius muscle: the topography of 
monopolar and bipolar surface EM G ampli­
tude and spectrum parameters at varied forces 
and in fatigue. Clin Neurophysiol 2000; 
111:686-693
List o f  publications I 157
Praamstra P Kleine BU, Schnitzler A. Magnetic 
stimulation of the dorsal premotor cortex 
modulates the Simon effect. Neuroreport 
1999; 10:3671-3674
Kleine BU, Schumann NP, Bradl I, Grieshaber 
R, Scholle H C . Surface EM G of shoulder and 
back muscles and posture analysis in secretaries 
typing at visual display units. In t Arch Occup 
Environ Health 1999; 72:387-394

Dankwoord I 159
Dankwoord
M et veel plezier heb ik aan het hier beschreven onderzoek gewerkt. D it proefschrift was niet 
mogelijk geweest zonder hulp van veel mensen en een omgeving als de afdeling klinische neuro­
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